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ABSTRACT
A Three-Dimensional Stress MRI Technique to Quantify the Mechanical Properties
of the Ankle and Subtalar Joints – Application to the Diagnosis of Ligament Injuries
Stacie Irene Ringleb
Sorin Siegler, Ph.D.
Chronic instability of the ankle and subtalar joint resulting from ligament
damage are difficult to detect. Methods used to detect instability clinically are often
unreliable and do not provide a complete picture of the joint motion.  Studies were
previously conducted in vitro and in vivo to improve the detection of instability and
the understanding of joint motion.  In vitro studies were conducted to measure the
motion at the ankle and subtalar joint, however these tests cannot detect
physiological conditions such as partial ligament rupture and the long-term effect of
surgery.  Some in vivo studies assess the motion of the hindfoot externally. These
techniques are unable to detect motion at the ankle and subtalar joint and the
measurements are affected by soft tissue interference. Other in vivo studies assess
the internal joint motion with imaging modalities.  One of these techniques uses the
image processing and visualization software system 3DVIEWNIX to describe the
joint motion.  The 3D stress MRI (sMRI) technique was developed by combining
the 3DVIWNIX software system with a MR compatible ankle-loading device to
eliminate the limitations of the current in vivo methods.  This method calculates
morphological, architectural and kinematic properties of the joints. Data were
collected from seven healthy volunteers and eight cadaver limbs.  The in vitro data
were obtained with the ligaments intact, after serially sectioning the anterior
talofibular and the calcaneofibular ligaments and after simulated surgery.  The data
xviii
from the healthy volunteers were used to describe the contribution of the ankle and
subtalar joint to the motion of the hindfoot and the effect of soft tissue interference
on the joint motion. Significant changes were found in vitro between the condition
with intact ligaments and both ligaments sectioned in the architectural and
kinematic parameters at the ankle and subtalar joint.  Surgical reconstruction
restored these properties.  3D sMRI provides reliable measures of the morphology
and architecture of the hindfoot in vivo and in vitro, describes the changes in the
kinematics induced by loads in vivo and in vitro and it is capable of detecting
ligament damage and the effects of surgical reconstruction in vitro.
1CHAPTER 1: INTRODUCTION
The detection of mechanical instability in the ankle and subtalar joint is
difficult.  Clinically used methods to detect the instability of the ankle and subtalar
joints, including the physical examination, stress radiography and MRI, do not provide
a complete picture of the joint pathology.  The physical examination is sometimes able
to detect instability, but it cannot determine the location of the instability (i.e., the
ankle or subtalar joint).  Stress radiography may detect instability [52, 59, 69],
however, the reliability of this diagnosis is controversial [64, 68] in part because the
2D nature of this examination does not describe the 3D behavior of the joints.
Magnetic Resonance (MR) imaging yields a three dimensional description of the
ligaments [8, 67], however a static MR alone cannot detect instability even though it
can detect soft tissue injury.
Understanding the three-dimensional motion of the unstable ankle and subtalar
joint may lead to a decrease in long-term complications, such as recurrent ankle
sprain, chronic pain and limited activity.  To improve the understanding of the motion
of the unstable ankle and subtalar joint, many in vivo and in vitro tests are used for
research purposes.  The kinematics and flexibility of the hindfoot are studied in vivo
using two types of experimental techniques: (1) inferring the motion of the bones
indirectly from external observation by measuring the motion of makers placed on the
skin or linkages crossing the hindfoot and (2) assessing bone motion through imaging
modalities such as radiographs and MRI. In vitro tests [19, 26, 35, 37, 46, 78, 80]
are capable of measuring the motion at the ankle and subtalar joint, however they
cannot detect physiological conditions such as partial ligament rupture and the long-
2term effect of surgery (e.g., the effect of healing).  These tests typically involve
tracking the motion of a rigid body attached to the bone [10, 37, 79] or tracking the
motion of linkages crossing both the ankle and subtalar joints [26, 27].  The ankles are
loaded with the ligaments intact, the anterior talofibular ligament (ATFL) sectioned
and the ATFL and calcaneofibular ligament (CFL) sectioned.  In some studies, the
immediate effect of surgery on the joint stability are also tested [27, 46].  These
studies are able to detect the changes in ankle stability under load when the ligaments
are sectioned, however are unable to assess the physiological effects of ligament injury
and reconstruction.
In vivo methods assessing joint motion externally are based on the assumption
that the motion of markers on the skin or a linkage crossing the joint are not affected
by the motion of the soft tissue surrounding the joint.  However, there are significant
differences between the motion measured by the markers on the skin and the markers
attached to the bone [66].  On the other hand, instability of the ankle joint may
detected in vivo [46, 80].  This approach was, however, unable to detect instability at
the ankle and subtalar joint and the measurements were affected by soft tissue
interference.
Bone motion may also be directly assessed in vivo with imaging modalities
such as x-ray [19, 21, 32, 52-57, 59, 60, 103], computed tomography (CT) [9, 91] and
MR imaging [25, 84, 86, 89]. The most common radiographic procedures used to
measure joint kinematics are stress radiographs performed either manually [23] or
with the aid of a loading device (e.g., Telos device, Austin & Associates, Inc.,
Fallston, MD) [33, 47, 52, 59, 60, 68].  In this technique, radiographs of the ankle are
3taken while fixed in the loaded position and the motions of the bones are measured
directly from the planar image.  This method can only define joint motion in one
plane, not the 3D motion of the joint. In contrast, roentgen stereophotogrammetry can
record 3D ankle and subtalar joint kinematics by tracking tantalum balls implanted
into the bones of the rearfoot [54-56], but it requires an invasive procedure and is not
clinically feasible. A more practical method uses an image processing and
visualization software system, 3DVIEWNIX, which includes a computational
technique to derive bone morphology, architecture and kinematics in three dimensions
from MR images taken at multiple positions of the hind foot is a rigorous method to
calculate 3D joint motion. The method consists of 1) segmenting the bones of interest
in each planar MR slice; 2) 3D reconstruction of the bones from the segmented
objects; 3) calculating the inertial properties of the bones and 4) calculating the
relative motion between bones from position to position. The technique is applied to
study bone morphology and architecture [84, 86] and joint kinematics during passively
induced movements [25, 89].
The shortcomings of the in vivo and in vitro techniques limit their scientific
and clinical usefulness. In vitro studies, while allowing direct measurements of bone
movements, only roughly approximate the properties of the living tissues. They also
fail to describe long-term remodeling effects, which may have crucial effect of the
mechanics of the joints. In vitro studies also fail to describe partial damage effects,
which typically occur in vivo.  The in vivo studies in which bone motion is assessed
from external observations are affected by soft tissue interference [66].  Additionally,
only bones close to the surface of the skin may be monitored.  Therefore, ankle or
4subtalar joint motion cannot be isolated using this approach. The image-based
techniques to assess joint kinematics and mechanics are at a developmental stage.
Many of these studies are limited to planar analysis (i.e., stress radiography). Other,
more accurate, methods based on x-ray stereophotogrammetry are invasive and require
exposure to radiation are used as research tools and will not be clinically useful. The
three-dimensional MRI technique described earlier is unable to detect mechanical
instability because it does not apply loads to the joint.
In the present study, a technique to measure the three-dimensional load-
displacement characteristics of the ankle and subtalar joints, both in vivo and in vitro,
is presented. This technique, referred to as the “3D stress MRI technique,”
(abbreviated 3D sMRI) solves many of the problems associated with the
aforementioned in vivo and in vitro techniques.  The 3D Stress MRI technique does
not require exposure to harmful radiation, it is non-invasive and internal bone
kinematics can be derived without soft tissue and bone interference.  Therefore, ankle
and subtalar joint kinematics can be studied. The 3D  sMRI technique has an added
advantage that not only bone kinematics can be computed and analyzed, but also the
level of integrity of the underlying structures can be examined. For example, in studies
of ligament injuries, the 3D stress MRI technique provides both visualization of the
ligament damage and of the effect of the ligament damage of the mechanics of the
joints. Due to these advantages, the 3D stress MRI technique may be developed into a
routine clinical diagnostic tool for foot and ankle disorders such as diagnosis of
ligament damage.
5The 3D sMRI technique uses a six degree-of-freedom loading and positioning
MRI compatible linkage [70, 71] to load the hindfoot while it is being scanned. Then,
using the 3DVIEWNIX software system, the relative motion between the bones can be
determined.
In this thesis the 3D sMRI technique will be presented in detail, its reliability will be
examined, and the level of left to right symmetry in the morphological and
architectural parameters of the hind foot in seven healthy, asymptomatic volunteers
will be quantified. The kinematics of the joint will be calculated using the helical axis
method, Euler angles and using the joint coordinate system described by Grood and
Suntay [20].  The 3D stress MRI technique will be evaluated by comparing rotations
calculated from data collected with the Optotrak (Northern Digital Inc., Ontario,
Canada) kinematic tracking system in vitro.  Finally, the 3D stress MRI technique will
be evaluated for use as a tool to detect the effect of injury to the anterior talofibular
ligament (ATFL) alone or in combination with the calcaneofibular ligament (CFL) and
the effects of both anatomic and tenodesis reconstructive procedures.
6CHAPTER 2: BACKGROUND
This chapter will describe: 1) clinical techniques used to detect damage to the
lateral collateral ankle ligaments (i.e., the ATFL and CFL), 2) research methods used
to detect damage to the lateral collateral ankle ligaments in vivo 3) research methods
to determine the effect of ligament damage in vitro, 4) treatment of ligament injury, 5)
internal motion analysis of the joint and 6) techniques to describe six degree-of-
freedom joint motion
2.1 Clinical Techniques used to Detect Lateral Ankle Ligament Injury
Inversion ankle sprains are the most common musculoskeletal injury presented
to emergency rooms [4] and recurrent injuries are reported in ten to forty percent [14,
46, 62] to acute injuries.  In one study of 84 varsity basketball players, eighty percent
had recurrent sprains [82].  Severe inversion sprains may lead to ankle instability in
isolation or in combination with subtalar joint instability.  Some authors hypothesize
that these instabilities cause recurrent sprains that lead to the formation of osteophytes
and/or clinical osteoarthritis because these conditions occur frequently in patients with
chronic mechanical instability [22, 44].  Published papers evaluating clinically used
diagnostic techniques include physical examination, stress radiography, arthrography
and MRI, with varying results [4].  Diagnostic procedures are often compared to the
surgical findings.  However, the entire injury may not be detected at surgery because
of the limited field of view and because the surgeon may not be able to identify partial
rupture, which makes it difficult to assess the effectiveness of the diagnostic
procedures.
7The broad conclusion that can be drawn from the varying results are: there are
no standards for detecting mechanical ankle instability and subtalar joint instability is
often not detected even when surgery is performed.  It is important to correctly
identify these conditions and evaluate their treatments because the lack of treatment or
incorrect treatment (i.e., an ineffective surgical procedure) may lead to long-term
complications such as pain, swelling and chronic ankle sprains.  Some authors
hypothesize that long-term effects of chronic ankle instability include joint disorders
such as osteoarthritis [22, 44].
2.1.1 Physical Examination
The physical examination consists of some or all of the following components,
depending on the amount of information needed by the physician.  The physician
observes the amount of swelling, palpates the ankle to assess tenderness and
manipulates the ankle with the anterior drawer and talar tilt tests to determine if there
is instability [4]. The talar tilt test is defined as the angle produced by the tibial
plafond and the dome of the talus in response to forceful inversion of the hindfoot and
the anterior drawer test produces anterior movement of the ankle relative to the distal
tibia, where subluxation is measured from the posterior lip of the tibia to the nearest
articular surface of the talus [4].  In research studies, these basic tests are shown to be
effective in detecting instability [92], shown to be ineffective in detecting instability
[14, 16] and modified to improve the detection of ligament damage [61].
The most basic test in the physical examination when an acute injury as
occurred is the observation, palpation or measurement of the swelling over the lateral
malleolus.  One study reported that swelling over the lateral malleolus was a valuable
8diagnostic sign when the circumference of the injured ankle was four centimeters
greater than the uninjured ankle.  This amount of swelling indicated a 70% chance of
ligament rupture, when compared to arthrography.  When the amount of swelling was
combined with tenderness during palpation, the possibility of ligament damage
increased to 91% [4, 16].  This study also found that the anterior drawer and talar tilt
tests had a limited diagnostic value [16].  A conflicting study suggested that the
amount of swelling did not correlate with the degree of injury and the pain response to
palpation is too subjective [4, 14].  These conflicting results and the detection rate of
70% when swelling alone is considered and 91% when swelling and palpation are
considered, indicate that this aspect of the physical examination should not be relied
upon as a definitive diagnostic technique.
There is a wide range in the definition of the healthy motion assessed in both
the anterior drawer and talar tilt tests [4]. In the talar tilt test, the definition of normal
talar tilt ranged between 5° and 23° of talar tilt [4, 11, 12]. Similarly to the talar tilt
test, there was variation in the accepted values of normal subluxation, ranging from 2
to 9 mm, in the anterior drawer test [17, 18, 29, 49].  Variations in the method of
applying the stresses and positioning the lower extremity were reported.  The
variations of positioning included various degrees of plantar flexion and knee flexion,
the patient was positioned sitting or lying supine, manual load application or loads
applied with a jig, and no anesthesia vs. local anesthesia or peroneal nerve blocks.
The variations in positioning combined with the different loading techniques may be a
cause of the large range in the definition of normal for both the talar tilt and anterior
9drawer tests.  At the same time, these variations are proof that an optimal test for
detecting ligament rupture in the physical examination has not yet been developed.
A modified anterior drawer test is able to discriminate between ATFL damage
in isolation and in combination with CFL injury [61].  This modified anterior drawer
test positions the patient on his back with almost complete flexion of the knee and the
foot in fifteen degrees of equinus.  The foot is stabilized with one hand and force is
applied by pressing posteriorly on the distal tibia.  If the tibia moves posteriorly and
proximally from the foot, the test is positive.  In a study including 25 patients and
compared with a stress radiograph, the displacements are classified in three stages: no
movement (0), slight posterior displacement with clear end point (1) and significant
displacement and no terminal resistance of the ligaments (2).   This study is an
example of the continuous modification of clinical tests to improve detection of
ligament injury in the physical examination.
A conflicting study suggests that it is difficult to standardize testing to
accurately detect specific ligament involvement [15].  An in vitro study designed to
quantify the instability of the hindfoot complex during the manual stress test with
intact lateral collateral ligaments, the ATFL was sectioned and the ATFL plus CFL
were sectioned was performed.  The motion of the calcaneus and tibia were tracked
using a magnetic tracking device.  Five clinicians, who were blinded to the study,
performed the anterior drawer and talar tilt tests in neutral and in twenty degrees of
plantarflexion.  Lateral tilt is defined as the angle between the tibia and calcaneus at
the endpoint of the applied inversion and anterior drawer displacement is defined as
the displacement from the neutral position to the endpoint of applied anterior force.
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This test found a significant difference between sectioned ATFL and combined
sectioning of the ATFL and CFL in inversion and a significant difference between
intact and sectioned ATFL in anterior drawer.   Variation is seen among cadavers,
examiners and positions in both inversion and anterior drawer, which identifies the
need for a more reliable test.  These results led the authors to conclude that it is
“difficult to standardize testing to accurately diagnose specific ligament involvement”
[15].
Poor inter-observer agreement identifies the need for a reliable test to evaluate
ligament damage [83].  The reliability of inter-observer agreement between 22
standardized physical findings for one hundred patients was evaluated for pairs of
emergency room staff members.  The kappa value determines the level of agreement,
where 1 is perfect agreement and any value below 0 indicates that agreement occurs
by chance. The values with the highest agreement are the ability to bear weight (0.83),
bone tenderness at the base of the fifth metatarsal (0.78), bone tenderness at the
posterior edge of the lateral malleolus (0.75) and bone tenderness at the tip of the
medial malleolus (0.66).  The anterior drawer test has a kappa value of –0.03 [83].
The most reliable test parameters in this study can only be evaluated when the injury is
acute and they may not indicate instability [4, 16], while the least reliable
measurement is the subluxation during anterior drawer test which is a common
method used to detect instability during the physical examination in acute and chronic
injuries.
On the other hand, another large study concluded that physical examination is
sufficient.  The acute injury is assessed by measuring the extent of swelling, noting the
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location of pain upon palpation and the results of the anterior drawer test. The physical
examination is performed by an orthopedic surgeon four to seven days after the initial
examination, one of four doctors who were not specialists also tested the patients and
arthrography was performed.   The physical examination detected ligament damage in
135 of 160 patients.  Complete rupture of at least one ligament was identified during
surgery.  Forty-six patients were examined within 48 hours of injury, 71% of these
injuries were successfully diagnosed and the specificity was 33%.  When examined by
an orthopedic surgeon, the diagnosis was 96% accurate and the specificity was 84%.
Of the six patients who were falsely diagnosed as positive one had a syndesmosis
injury, another had an old rupture of the ATFL with evidence of elongation in that
healed ligament and two patients had a capsular tear.  Of the four doctors who were
not specialists, the kappa value was 0.5 or 0.6, when comparing the results of the
physical examination to the results seen in surgery.  This study concluded that delayed
physical examination compared favorably with arthrography and surgical observations
and that physical examination is sufficient [92].  The data presented suggests that the
physical examination by an orthopedic surgeon is sufficient, while the initial set of
data and the examinations performed by physicians who were not specialists had low
agreement with surgical findings.  The difference in the level of expertise is most
likely the cause of the conflicting results in the two studies.
Damage to the CFL in isolation or in combination with the talocalcanel
interosseous ligament may lead to subtalar joint instability, which is not usually
detected in the physical examination [34].  Subtalar joint instability is not addressed in
the literature describing physical examination, which suggests that physical
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examination is not a sufficient technique to detect the effects of ligament damage on
the stability of the hindfoot.
The results of the physical examination may not correlate with the results
found in stress radiography [23], a technique that some authors believe is a reliable
method to detect hindfoot instability [33, 103].  The physical examination is compared
to stress radiography in a study of twelve patients with a history of unilateral lateral
ankle sprains and eight healthy controls.  An investigator who is blinded to the injury
history performs the physical examination, which included the anterior drawer test,
talar tilt and medial subtalar glide tests.  The ankles are graded on a four-point laxity
scale.  Subjects are then assessed in subtalar joint neutral (as determined by the
examiner) and under a manually applied supination stress in several views collected
with a fluoroscope.  The talar tilt is measured on the AP views and lateral views are
examined for posterior subtalar joint laxity. Previously injured ankles are found to
have significantly greater talar tilt angles in supination.  Nine out of the twelve injured
ankles and two out of eight controls exhibited greater than 10° of talar tilt.  Five
injured patients exhibited excessive unilateral subtalar joint laxity and two of the
injured patients exhibited bilateral subtalar joint laxity.  Two of the eight controls had
laxity differences in the posterior subtalar joints under supination stress. The anterior
drawer test was the only test in the physical examination that yielded a significant
difference between injured and uninjured ankles.  Two of the eight controls had
unilateral differences in anterior drawer, talar tilt and subtalar glide tests.  Excessive
laxity on the anterior drawer and medial subtalar glide tests were measured in seven of
the nine injured ankles that exhibited excessive talar tilt from the AP views [23].
13
These authors suggest good agreement between fluoroscopy and the physical
examination, but statistics do not support this assertion.  Even though the numbers are
low, this study demonstrates inconsistency in both physical examination and stress
radiography.
The aforementioned studies examine the poor reliability of the physical
examination, the inconsistencies in the definition of instability and the development of
a modified anterior drawer test.  These findings suggest that a more reliable method of
detecting ligament damage should be used.
2.1.2 Stress Radiography
Results from various tests and study designs, using stress radiography suggest
that a threshold used to identify ankle and subtalar joint instability can yield a false
positive or a false negative [33, 45, 59, 103].  When a detection threshold is used to
define ankle instability, the values range from 4 mm to 10 mm [33, 45] in anterior
drawer and 5° to 10° or greater in the talar tilt test  [5, 33, 45, 59, 76, 103].  Another
method used to detect instability is to compare the unstable ankle with the healthy
contra lateral limb.  This method has varying amounts of success [33, 59].  These
conflicting results may be caused by the variation in ankle positioning and loading.
The talar tilt measured in a stress radiograph can yield a false positive or a
false negative [59, 103].  Subtalar tilt angle was measured from a stress radiograph to
assess the repeatability and error (n=20) in measurement of the tilt angle in acute
(n=23) and chronic (n=23) lateral ligament injuries in comparison with radiographs
from normal ankles (n=80). The errors at 95 percent confidence level were 1.9° for
observer A, 1.4° for observer B and 2° for inter-observation.  There was a significant
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difference between the injured ankles and the control and no significant differences
between the acute and chronic injuries.  The average talar tilt angles were 5.2°±2.6°
(range from 0° to 9°) in the control group, 9.7°±3.2° in the acutely injured ankles and
10.3°±2.9° in the mechanically unstable ankles [103].  When the subtalar tilt angle in
injured and healthy ankles are compared there are significant differences between the
uninjured and injured ankles.  However, the healthy data overlapped the range of
injured data, which could result in an incorrect diagnosis.
The anterior drawer stress radiograph is likely to yield a false positive or a
false negative [45]. A study of 192 patients with recent ankle sprains used a 4 mm
joint space as the detection threshold in the stress radiograph.  Using this method, 66
patients were diagnosed with instability and operated on. 39% of ankles with no
ligament tear were classified as having ligament damage and 28% of ankles with
ATFL damage and 38% of ankles with ATFL and CFL tear fell within the 4 mm limit
[45].  This study concluded that the anterior drawer test is likely to yield a false
positive or false negative and is an inadequate method for prescribing surgery [45].
The method of detecting instability with a threshold was compared to using the
healthy contralateral limb as the control, and both methods were unable to reliably
detect instability [59].  Bilateral stress radiographs were obtained from 101 patients
with unilateral ankle sprain using the Telos device (Austin&Associates, Inc., Fallston,
MD). 5 and 15 kPa loads were applied while an anterior-posterior (AP) radiograph
was obtained. Little or no talar tilt was found in 133 of the 202 ankles tested.  There
was a large amount of side-to-side variability among the patients (3.5°±5.8°), which
led the authors to suggest that side-to-side comparison should not be used to diagnose
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the severity of the injury.  Motions in excess of 5° and 7° were recorded based on the
recommendations of Brand et al. [5] and Savastrano and Lowe [76], respectively.
However, thirteen of forty-one patients had talar tilt exceeding 7° in the contralateral
normal ankle.  This study was unable to correlate talar tilt with functional instability,
therefore the authors concluded that this method should not be used to make surgical
decisions [59].
When the ankle is positioned in 10° of internal rotation for the talar tilt test and
in 0 to 10° of plantarflexion for the anterior drawer test, instability is detected with a
detection threshold and with comparison to the contralateral healthy limb [33].  When
the healthy ankle is compared to the unstable ankle, mechanical instability is defined
as a difference of 3 mm or more in anterior drawer and 3° or more in the talar tilt test.
The comparison of healthy and injured ankles resulted in specificity, sensitivity and
predictive positive/negative values above 90% for the anterior drawer and talar tilt
tests [33].
Incremental loading may improve the detection of instability using stress
radiography [52, 69].  The stability of the talocrural and subtalar joints were examined
in 22 patients with bilateral chronic ankle instability, 11 patients with unilateral
chronic ankle instability and 10 healthy, asymptomatic volunteers by using
fluoroscopy and a hinge device to apply symmetrical inversion stress.  The images
were collected in the neutral position, after a moderate inversion moment was applied
and after maximum inversion moment as determined from the patient’s comfort level
or the range of the hinge device.  An increase in talar tilt between moderate inversion
and maximum inversion occurred only in symptomatic ankles.  Statistically significant
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differences were found between symptomatic and the ankles in the control group.
However, there was not a significant difference between the symptomatic and
asymptomatic ankles in patients with unilateral complaints [52].
A more promising study successfully detected ATFL injury in isolation or in
combination with CFL damage by examining the functional properties of the ATFL
and CFL in 25 patients with acutely traumatized ligaments.  The inversion and anterior
drawer pressure applied to the distal tibia using the Telos device in stress radiography
is varied [68]. The pressure is defined as P=G(l-1/l2).  P is the pressure applied to the
distal tibia (6, 9, 12 and 15 KPa), G is an elastic modulus and l=l/lo, where l is the
length of the stretched ligament and lo is the initial length of the ligament (assumed to
be 20 mm).  The pressure was plotted vs. l=l/lo to determine G. This technique detects
ruptured ATFL and CFL in eighteen patients when compared to the healthy,
contralateral ankle (to rule out the effect of normal anatomic variation), which was
confirmed in surgery [68].  Arthrography correctly detected the same damage in
sixteen of the eighteen patients.  These results suggest that this is an effective
technique for evaluating damage to the lateral collateral ligaments.  This technique
was further studied with 26 patients, 19 of whom were correctly diagnosed with ATFL
rupture or combined ATFL and CFL rupture, which was confirmed with surgery and
arthrography [69].
Stress radiography has conflicting results.  Most methods are unable to
consistently and accurately detect ligament damage [45, 59, 103].  Research methods
varying the position of the hindfoot in the loading devices and loads applied during
testing have promising results [33, 52, 68, 69].  Due to the various procedures
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followed in stress radiography, some surgeons believe it is a necessary tool when
detecting ankle instability, while others rely on physical examination alone  [2].
2.1.3 Arthrography
In ankle arthrography, contrast material is injected into the ankle joint and an
radiograph is taken.  If there is no injury, the dye will remain in the joint capsule, if the
ligaments are damaged, the dye will seep into the peroneal tendon sheath [4].  This
procedure should be performed within the 24 hours of injury.  It may have reliable
results if performed within the first five days.  If this time frame is exceeded, the tear
in the joint capsule may be closed with blood clots or fibrin tissue, which will prevent
the extraversion of dye [4].  The ability to detect ligament damage in acute injury has
been demonstrated in simple tests using arthrography alone or in combination with
tenography, and with various diagnostic criteria, as demonstrated in the brief literature
review below.
In acute injuries examined within 24 hours of injury, arthography is more acute
in detecting ligament rupture than physical examination or stress radiography [63, 64].
One study compared 188 patients with acute ankle sprains using the anterior drawer
test (i.e., physical examination), stress radiography using the Noesberger method and
arthrography.  Arthrography was performed within 24 hours of injury.  The opening of
the posterior tibiotalar joint was measured:  an opening up to 5 mm was considered
normal, 6-10 mm indicated ATFL rupture and above 10 mm indicated ATFL and CFL
injury [64].  In arthrography, intact ligaments are identified when the contrast material
remains in the joint, leaks into the medial tendon sheath or leaks into the subtalar joint.
Damage to the ATFL is indicated when the contrast material leaks to the lateral
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malleolus and if additional contrast material is found in the peroneal tendon sheath,
CFL rupture is suspected.  Surgery was performed on patients who were under 30,
were athletic and had positive arthrography (n=66).  Surgical findings were compared
with arthrography, stress radiographs and the physical examination.  All of the ATFL
ruptures were correctly diagnosed with arthrography. Nine of the thirty-nine ruptured
CFL were falsely diagnosed as negative and one was falsely diagnosed as positive, as
perceived by the surgeon.  Results from stress radiographs diagnosed 47% of ligament
injuries as uninjured.  The physical exam correctly detected ATFL injury and
combined ATFL/CFL injury in 18 out of 27 and 26 out of 38 cases, respectively.  In
twelve cases, the clinician could not determine if the ankle was stable or unstable
during the physical examination.  Based on these results, this study concluded that
arthrography is the most accurate method for detecting rupture of the lateral ankle
ligaments when arthrography is performed in the first 24 hours.
Arthography detected ligament damage in a long-term study of conservative
and surgical treatment of ankle sprains, in which 589 ankles were operated on [63].
ATFL injury was detected with 100% accuracy and CFL was detected 80 to 95%
accuracy, depending on where the contrast medium leaked [63].  This study also
shows that acute injuries to the lateral collateral ankle ligaments can be accurately
detected with arthography when the tests is conducted within 24 hours of injury.
When arthography is combined with stress radiography, the ability to detect
ankle instability may improve [60].  One study used combined the results from stress
radiography and arthrography when diagnosing ligament damage.  Forty patients with
acute sprains had stress radiographs taken in anterior drawer an talar tilt as well as
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arthrograms.  32 of the forty patients had abnormal subtalar arthrograms.  These
patients were divided into four groups: (1) positive anterior drawer (greater than 8 mm
of talar slippage), positive inversion (greater than 15° of talar tilt) and lateral capsular
leak on the arthrogram, but no leak into the sinus tarsi (n=15), (2) positive anterior
drawer, negative inversion test and an arthrogram indication sinus tarsi leak (n=9), (3)
negative anterior drawer test, slightly positive inversion test and an arthrogram
delineating lateral capsular and sinus tarsi leak (n=6) and (4) positive anterior drawer,
positive inversion test and arthrogram indicating lateral and sinus tarsi leak (n=2).
Surgery confirmed: ATFL and CFL rupture in group 1, CFL rupture in group 3 and a
complete rupture of the posterior tarsus in group four.  All surgically treated patients
had stable ankles and were pain free at two years of follow up.  The patients in group
two were conservatively treated, even though it was believe that the ATFL,
interosseous talocalcaneal ligament and possibly the cervical ligament were damaged.
Two of the nine patients in this group developed sinus tarsi syndrome, while the
remaining patients had good functional results at a two-year follow up examination
[60].  The authors concluded that subtalar sprain may not be detected with stress
radiography and should be considered when presented with severe ankle sprains.
However, there was no statistical data to support this conclusion.
Tenography used in isolation or in combination with arthography in acute
injuries can detect ligament rupture, as defined by surgical observation [3].  This
prospective study was conducted on 108 patients who underwent tenography within 24
hours of inversion ankle sprain.  Contrast medium is injected into the one of the
peroneal tendons and anterior-posterior and lateral images are collected with a
20
fluoroscope.  If the contrast material leaks into the tibiotalar joint, the tenogram is
positive.  If the tenogram is negative, contrast medium is injected on the medioventral
side of the ankle and an arthrogram is performed.  If there is no leakage of contrast
medium outside the tibiotalar joint, the test is negative.  All patients with a positive
tenogram or arthrogram underwent surgery.  Tenograms were positive in 63 of the 103
patients and 5 patients had a failed tenogram.  In surgery there was a rupture of the
ATFL and CFL in 61 patients and an isolated rupture of the ATFL in two patients.  Of
the forty patients who underwent an arthrogram, 21 underwent surgery.  Eight of these
patients had a complete rupture of the ATFL and CFL and 13 had an isolated rupture
of the ATFL.  Using the combination of tenography and arthrography ligament
damage, visible to the surgeon, was detected in all surgical patients [3].
These studies show that arthrography is capable of detecting damage to the
lateral ankle ligaments.  The problem with this technique is that it looses its reliability
in 24 hours to five days after injury and many patients do not present their injuries to a
physician until a chronic instability is present.  One study has used arthrography in a
long-term study of 37 chronically unstable ankles to determine if the ATFL was
ruptured in isolation or in combination with CFL injury [87]. This study compared the
results of a physical examination and stress radiograph to arthography and the results
were confirmed in surgery. In surgery, 13 ankles had combined ATFL and CFL injury
and 24 had isolated ATFL injury, and the results of the arthrogram were significantly
different in these two groups with 92% sensitivity and 87.5% specificity.  Because the
extent of injury is necessary when planning surgery, the authors concluded that
arthrography is the best technique to detect specific ligament damage for surgical
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planning [87].  This study suggests that arthrography may be an effective diagnostic
technique when the instability is known to be chronic.  Additional studies are needed
to verify this hypothesis.
2.1.4 Magnetic Resonance Imaging
When the proper MR imaging protocol is selected, damage to the soft tissue
surrounding the ankle and subtalar joints can be detected.  However, MRI alone
cannot correlate soft tissue damage to chronic ankle instability.  MR images are
usually collected after physical examination or stress radiography has detected an
instability or because of chronic pain, which may lead to the conclusion that MRI is
best used as a tool for surgical planning and not diagnosis of instability [67].
MR imaging can accurately detect damage to the lateral collateral ankle
ligaments when compared to surgical findings [95].  The accuracy of three-
dimensional MRI in visualizing injuries to the ATFL and CFL in injured athletes was
assessed using steady-state precision pulse sequence (3D FISP).  MR images were
collected for 18 patients with a difference in talar tilt of 15° or more and a difference
in anterior drawer of 10 mm or more when compared to the uninjured side found in
stress radiography within six hours of the injury.  The MR images identified complete
rupture of the ATFL and CFL in 13 patients; one isolated rupture of the ATFL, one
old ATFL rupture and one patient had no evidence of rupture.  When the MR
diagnosis of ATFL injury was compared with surgical findings, the sensitivity,
specificity and accuracy were 100%, 50% and 94.4%, respectively.  There was one
false positive finding for ATFL tear, which is the cause of the 50% sensitivity.  The
“false positive” ATFL tear may have been partial damage of the ligament that was not
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detected in surgery.  The sensitivity, specificity and accuracy of CFL diagnosis were
91.7%, 100% and 94.4%, respectively [95].  This study assesses the accuracy of MR
to detect ligament rupture, however, it does not correlate these finding with
mechanical instability.
MR imaging detects ligament damage better than stress radiography [8].  MR
examinations were collected in patients complaining of chronic pain no less than 1.5
months after injury.  Two physicians independently evaluated the 43 ankles.  The MR
results were correlated with stress radiography for 23 patients and surgical findings for
9 patients.  Thirty injuries to the ATFL and twenty injuries to the CFL were identified.
In surgery, there was one false negative in the diagnosis of the ATFL and no false
positives.  Stress radiography diagnosed 12 of the 23 patients as normal, when there
was evidence of ligament damage on the MRI [8].  This article suggests a method for
diagnosing ligament damage with MRI, however, this study confirmed the MR
findings in less than 25% of the patients tested and statistical significance was not
reported.
MR imaging may be a useful tool in detecting sinus tarsi syndrome, which is
described as an abnormal tarsal sinus and tarsal canal [42].  Symptoms include lateral
foot pain and perceived hind foot instability (usually caused by inversion trauma).
There is no diagnostic standard of reference for this injury and if it is not properly
diagnosed subtalar joint instability could remain after surgical treatment [42].  This
study used MR to describe the appearance of the healthy tarsal sinus and tarsal canal,
to determine if MR imaging can allow detection of pathologic disorders within the
tarsal sinus and to correlate pathologic MR image findings in the tarsal sinus and tarsal
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canal with the sinus tarsi syndrome.  Data was collected from five healthy adult
ankles, tissue samples from three cadaver ankles were cut in axial, sagittal and coronal
planes and ankle MR images from 116 adult patients were examined.  Thirty-three of
the injured ankles had exhibited abnormal tarsal sinus and canal.  Twenty-six of the
thirty-three patients had tears in the lateral collateral ligaments, five had posterior
tibial tendon tears, one had Reiter syndrome and one had recent surgery.  Thirty-nine
percent (n=26/66) of the ankles with disruption of the lateral collateral ligaments had
an abnormal tarsal sinus and canal.  Twenty of the thirty-three patients with abnormal
tarsal sinus and canal were contacted for follow up.  Eighty percent of these patients
had lateral foot pain, 75% had functional instability and 40% had surgery since the
original MRI.  Five of the patients with surgery claimed relief, one did not have relief
and two were still recovering from surgery.  The high association of tarsal sinus and
tarsal canal ligament tears with lateral collateral ligament tears suggest the need to
evaluate both sets of ligaments with inversion injuries of the ankle [42].  This study
identifies that MRI may be the most effective method of identifying damage to the
structures that support the subtalar joint and suggest a need for further investigation of
injury to the subtalar joint.
MRI was used to study the normal anatomy of the subtalar ligamentous
support correlated the anatomy with anatomical sections obtained from MRI in vitro.
All ligaments of the sinus and canalis tarsi identified in the in vitro anatomic study
were also identified on the MR sections.  A forced inversion test was applied to one
injured patient by applying a self-restraining band to the ankle to hold it in position.
The MRI identified a slackening of the cervical ligament.  Surgical results showed
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rupture of the cervical ligament and a lesion of the anterior fasciculus of the ATFL
[58].  This study is the first known study to use MRI to diagnose ligament damage
under stress.
2.1.5 Computed Tomography
Computed Tomography (CT) is infrequently used as a diagnostic technique
because of the exposure to radiation, however, one study using CT to detect
mechanical instability was found [91].  CT was used to scan 12 patients and 12 age
and gender matched controls to evaluate ankle instability.  Nine measurements to
evaluate the alignment of the hindfoot and forefoot were made two times by two
separate observers.  Intra-observer (R2=0.49±0.19) and inter-observer (R2=0.71±0.13)
variation showed moderate reliability across all measurements.  Statistically
significant differences between patients and controls using unpaired ANOVA were
found in the angle between the calcaneus and the vertical plane.  All other unpaired
and paired comparisons did not show statistical significance, but a trend towards
increase varus was seen in most measurements. The authors of this article believe that
the anatomy of the hindfoot contributes to ankle instability.  However, it is possible
that the ankle instability causes the change in hindfoot alignment.
2.2 Experimental Techniques to Determine the Effect of Ligament Sectioning in
vitro
Because the clinically used diagnostic techniques yield inconsistent results,
several experimental techniques have been developed to examine the mechanical
response of the ankle to load in vitro.  The effects of damage sectioning in vitro are
studied by sectioning the lateral collateral ankle ligaments (i.e., ATFL and CFL or
ATFL, CFL and PTFL) and load the ankle minimally in anterior drawer [7, 36, 88]
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and/or inversion [1, 26, 41, 46].  Some studies also load the ankle in internal/external
rotation [30]  All of these studies indicate a significant increase in anterior drawer [1,
7, 26, 30, 36, 41, 46, 88] when the ATFL is sectioned and a significant increase in
inversion (or adduction) when both the ATFL and CFL were sectioned [1, 26, 41, 46].
One study imposed no joint motion restriction and applied loads along anatomic axes
defined by the ISB ankle standards committee [46].  The remaining studies apply
loads along a pin place along the long axis of the talus [7, 30], parallel to the bottom of
the foot in anterior drawer [36, 88], along a laboratory defined anatomical axis [19, 26,
41] and according to definitions defined by Brostrom (1964) [1]. 
2.3 Experimental Techniques used to assess the Effects of Ligament Damage in
vivo
There have been several instrumented devices designed to measure in vivo
ankle laxity to mimic the clinically administered anterior drawer test [36] and both the
anterior drawer and talar tilt test [24, 40, 46, 51]. An instrumented testing device was
developed by Hickcox, but did results were not reported [24].  A dynamic anterior
drawer test was presented by Kerkhoffs et al[36].  This device loads the ankle joint
along the horizontal in anterior drawer with a 1 kg hammer impacting the ankle at 1.7
m/s.  This study did not find significant left to right differences when unilateral ankle
instability, as detected during a manual physical examination, was present in vivo [36].
A device to quantify the change in ankle stiffness before and after taping was
developed by Kirk et al. [40]. This instrumented device quantified anterior drawer and
talar tilt radiographically, however it was not validated for diagnostic purposes [40].
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A six degree-of-freedom instrumented linkage, the ankle flexibility tester
(AFT), was developed to measure the flexibility of the ankle joint complex (Figure
2.1) [80].  This device is used in vitro and in vivo to determine the changes in
flexibility characteristics of the ankle joint complex due to damage to the lateral
collateral ligaments [46].  The in vivo use of this device was expanded to
quantitatively compare the flexibility of ankles with acute sprains and chronically
unstable ankles [51].  The concept behind developing this device was used to develop
the device presented in this thesis.  Further background on the AFT is described
below.
Figure 2.1: The ankle flexibility tester.
2.3.1 The Ankle Flexibility Tester
An in vitro study to quantify the effects of damage to the lateral collateral
ligaments on the mechanical properties and flexibility characteristics of the ankle and
subtalar joints (STJ) determined that flexibility is more sensitive to damaged lateral
collateral ligaments than range of motion measurements [10, 79].  In a subsequent
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study, a six degree-of-freedom arthrometer, the ankle flexibility tester (AFT), to
quantify the flexibility characteristics of the ankle joint when unilateral ankle
instability existed was developed (Figure 2.1) [46].  Body fixed reference frames and
joint coordinate systems were defined to calculate the relative position, orientation,
and displacements between the bones in the ankle joint (i.e., the tibia, fibula, talus, and
calcaneus) using a finite helical axis representation and using a modification of the
joint coordinate system created by Grood and Suntay [20].  The Grood and Suntay
joint coordinate system and motions are defined in chapter 3.  The AFT was validated
with accuracy better than 0.5 mm for translation and 1.2° for rotation [80].
The ankle flexibility tester is a reliable tool to identify the location and extent
of the damage to the ATFL and CFL.  The changes in the flexibility characteristics of
the lateral collateral ligaments of the ankle joint both in vivo and in vitro were
measured with the AFT. [46].  In this study, the ankle was loaded with a continuous
anterior drawer force and flexibility was measured.  This procedure was repeated with
an inversion moment. This study found that if the ATFL was damaged in isolation,
there would be a significant increase in flexibility in anterior drawer when compared
to the healthy limb in vivo or the limb with intact ligaments in vitro.  If both the ATFL
and the CFL were damaged, there was an increase in both anterior drawer and
inversion flexibility.  The AFT is limited because it cannot detect ankle and subtalar
joint instability and the influence of soft tissue interference on the flexibility
measurements is unknown.
Two populations were tested by Liu et al. using the AFT: (A) first acute
unilateral ankle sprain (n=12) and  (B) unilateral chronically unstable ankles (n=15) as
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diagnosed by a podiatric surgeon.  This study found that group A had an insignificant
increase in flexibility in inversion and anterior drawer when comparing the uninjured
to injured ankle.  A statistically significant increase in anterior drawer flexibility was
seen between the uninjured and chronically unstable ankle for group B.  There was not
a significant increase in inversion flexibility for group B because there was one patient
in this group who exhibited mechanical laxity in inversion.  These results suggested
that chronic ankle sprains lead to mechanically laxity in the ankle joint complex [51].
The AFT is successful in detecting damage to the AFTL in isolation or in
combination with the CFL both in vivo and in vitro.  However, the amount of soft
tissue interference is unknown using this method and it is only capable of detecting
instability by measuring the motion between the tibia/fibula and calcaneus (i.e., the
ankle joint complex).  The AFT in this form is not capable of quantifying instability at
the ankle or subtalar joints.
2.4 Treatment of Ligament Injury
The selection of treatment of ligament injury depends on the grade of the ankle
sprain and the opinion of the clinician treating the patient.  Conservative treatment is
common for acute sprains where no ligament rupture is detected, while surgery is
generally recommended for athletes with chronic mechanical instability [4].  Methods
of conservative treatment include peroneal strengthening [4, 96], ultrasound [62],
active mobilization [35, 62, 73], immobilization [35] and cryotherapy [97].  Based on
a some literature reviews, active mobilization yields the best results for conservative
treatment [35, 62] and one short-term study showed that this procedure had similar
results to surgery using the Evans tenodesis [73].
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There are two types of surgical reconstructions used to stabilize the
mechanically unstable ankle and subtalar joints: anatomic reconstructions and
tenodesis procedures.  The anatomic reconstructions directly repair and imbrication
the anatomy by suturing the ruptured ligaments and capsule, while the tenodesis
procedures use tendons to stabilize the ankle.  The tenodesis procedure was originally
the most common surgical procedure, however, anatomic reconstructions are currently
more common [44].
2.4.1 Tenodesis Procedures
This summary includes the review of a few studies with long-term follow-up
results, ranging from two to twenty years post-operatively as well as a review of the
Chrisman-Snook procedure, which was used in the in vitro portion of this study.
The static modification of the Evans tenodesis procedure was evaluated on
twenty-five ankles in a twenty year follow up study [43].  In this procedure, the
peroneus brevis tendon is transposed through a bone tunnel and sutured to the
retrofibular periosteum, while the insertion of the tendon at the fifth metatarsal
remains intact [43].  The long-term outcomes were studied subjectively and clinically
with an examination of the local tenderness or swelling, range of motion and a stress
radiograph was taken of both ankles.  The subjective test graded the function of the
ankle on a scale of excellent (no giving way or pain), good (occasional aching and no
giving way), fail (no giving way, but some apprehension) and poor (recurrent
instability, pain and swelling).  Twenty ankles had good or excellent results, three
patients had fair results and two patients had revisions of the original surgery because
of graft loosening and were considered to have poor results, which lead to the
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conclusion that the Evans tenodesis provides good long-term results.  It was also noted
that augmented reconstructions may lead to an excessive block of inversion and
disturbed kinematics, which could be a problem in physically active individuals.  The
authors suggested that anatomic reconstruction may be able to preserve the joint
kinematics [43].
A long-term clinical and functional follow-up after the modified Watson-Jones
tenodesis on twenty-five patients with a mean follow up of 12 years found that the
procedure corrected lateral instability with a tolerable rate of long term conditions
[72].  The Watson-Jones tenodesis reconstructs the ATFL to limit talar tilt and anterior
talar translation [27].  The long-term complications included occasional giving way
(n=7), being unable to walk more than 10 km (n=6), occasional pain during activity
(n=13) and signs of ankle arthritis (n=9).  This procedure also restricted hind-foot
motion, which is a common observation when a tenodesis procedure is performed.
Static and dynamic stabilization were compared by Larsen [47, 48].  Eighty-
two patients with eighty-nine chronic laterally unstable ankles were randomly
operated on with a static (n=56) or dynamic (n=23) repair procedure.  If the tendon
was too thin, the static repair was used.  In the static repair, the distal part of the
peroneus brevis was attached with bore holes located at the original attachments of the
ligaments.  For the dynamic reconstruction, the anterior half of the peroneus brevis
was used, when the muscle contracted, the split tendon passed through a bore canal in
the lateral malleolus [47, 48].  Patients were evaluated with stress radiography
preoperatively and at nine and twenty-five months postoperatively.  At the twenty-five
month follow-up examination, the group with the static reconstruction resulted in a
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significant reduction of talar tilt and anteriorotational talar displacement and improved
postural balance.  The dynamic stabilization had more fair or poor subjective results
(n=8 dynamically and n=2 statically), however this procedure showed a significant
decrease in talar tilt and anteriorrotational talar displacement and improved postural
balance [47, 48].
The most commonly used procedure for subtalar joint stabilization is the
Chrisman-Snook tenodesis [32]. The Chrisman-Snook procedure uses half of the
peroneus brevis tendon to recreate the ATFL and CFL [11].  This procedure initially
showed satisfactory stabilization of subtalar instability in 3 out of seven patients with
combined ankle and subtalar instability [11] and in additional studies, success was
reported in a study of 17 patients [105] and a study with twenty-one patients [50].  A
modified version of the Chrisman-Snook tenodesis was found to reduce talar tilt to an
average of 2.8°, when the pre-operative mean value was 13.7° [81].  Even though the
Chrisman-Snook tenodesis has been found to stabilize the ankle and subtalar joints,
loss of inversion at the ankle has also been reported [50].
The Evans, Watson-Jones and Chrisman-Snook tenodesis procedures were
compared in an in vitro study [27].  Eighteen fresh-frozen cadavers were tested in
inversion and anterior drawer using a MTS materials testing machine (Bionix, MTS,
Minneapolis, MN).  Spatial linkages were used to measure the motion between the
talus and fibula (i.e., ankle joint motion) and the calcaneus and tibia (i.e., ankle joint
complex and subtalar joint motion).  The specimens were tested with 50 N of anterior
drawer and 1 Nm of inversion.  Tests were conducted in neutral, 15° of plantarflexion
and 15° of dorsiflexion.  This procedure completed reconstructions with only the
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ATFL sectioned and the ATFL and CFL sectioned.  When the ATFL alone was
sectioned and the reconstructions were performed, only the Chrisman-Snook
procedure resulted in more stability then the “injured” ankle in inversion and in
anterior-posterior loading, all three procedures provided a significant increase in
stability.  When both the ATFL and CFL were sectioned, the Evans and Chrisman-
Snook procedures provided significantly more stability in anterior-posterior loading,
and all procedures provided a significant increase in stability in inversion.  Even
though the Chrisman-Snook tenodesis increased stability, it significantly decreased
subtalar joint motion when compared to the intact ankles.  The Evans procedure was
the most consistent in increasing stability and the least abnormal reduction in subtalar
joint motion was reported [27].
2.4.2 Anatomic Reconstruction
The Brostrom anatomic reconstruction is a common reconstructive procedure
in which the ends of the ruptured ligaments are sutured together [6].  It is not always
possible to directly suture the ends of the ligaments directly, consequently, Karlsson et
al. developed an anatomic reconstruction to avoid this limitation of the Brostrom
procedure [31].  This reconstruction removed the ligament from its insertion on the
fibula, drilled holes into the fibula and reattached the distal ends of the ATFL and CFL
to the fibula, imbricated the ligaments and sutured the tendon sheaths and retinaculum
was presented by Karlsson et al. [31].  148 patients (152 ankles) were examined two to
twelve years (mean=6 years) post surgery.  132 ankles had excellent or good
functional results (i.e., assessment of functional instability, level of activity and pain
and swelling), 11 had fair results and 9 had poor results.  Stress radiographs correlated
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with the functional results.  The authors concluded that this technique yields good
functional and mechanical results [31].
The long-term outcome of anatomical reconstruction was compared to
tenodesis by Krips et al. [44].  Twenty-five patients underwent either a periostal flap
plasty described by Reichelt and Weyrauch (n=9) or the Brostrom anatomic
reconstruction (n=16) and twenty-nine patients underwent the Watson-Jones (n=12) or
the Casting tenodesis (n=17). There were no significant differences between the two
types of anatomic or the two types of tenodesis procedures. The mean follow-up time
was 12.3 years.  Each patient was evaluated functionally and clinically.  When a
physical examination was administered, eighteen patients in the tenodesis group had a
positive anterior drawer, compared with seven patients in the anatomic group, there
were fifteen patients in the anatomic group free of symptoms and eight in the
tenodesis group and there were significantly more patients in the tenodesis group with
fair or poor results vs. two in the anatomic reconstruction group.  Additionally, the
tenodesis group yielded significantly more talar tilt and anterior drawer as compared
to the anatomic reconstruction as measured from a stress radiograph.  The authors
concluded that a tenodesis procedure is not anatomical and restricts the physiological
range of motion, elongation of the tendon in the long-term will alleviate the range of
motion restriction and result in instability, which may lead to degenerative changes in
the joint [44].
2.5 Current Status of Internal Joint Motion Analysis
Roentgen stereophotogrammetry was used by Lundberg et al. to analyze three-
dimensional foot and ankle kinematics in plantarflexion/dorsiflexion [54],
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pronation/supination [55] and rotation [56] of eight healthy, asymptomatic volunteers.
A minimum of three 0.8 mm tantalum markers were implanted into the tibia, fibula,
talus, calcaneus, navicular, medial cuneiform and the first metatarsal bones of the right
foot.  Each subject was placed on a platform that could be moved into
plantarflexion/dorsiflexion and pronation/supination in ten-degree increments.
Rotations and translations of the bones were described in relation to an orthogonal
coordinate system for each pair of bones.  The origin of the coordinate system was
defined as the center of gravity of the proximal segment and the transverse axis was
approximately placed parallel to a plane through the malleoli.  Another axis was
defined as the vertical axis and the common perpendicular was the anterior-posterior
axis.    These three studies described the motion of the individual bones when subject
to one of the three aforementioned motions and identified the axis of rotation of the
ankle joint.  These studies provided on the kinematics of the bones studied, however,
this is a highly invasive procedure and could not be used for diagnostic procedures and
may be difficult to use when evaluation pathologies.
Less invasive methods for studying the joint kinematics include radiography,
including stress radiography described previously.  These images may not accurately
describe joint motion because they are two-dimensional and may not correctly capture
the joint motion.  Dynamic motion at the ankle joint has been collected in gait analysis
where markers are placed on the skin [100, 101].  This method was successfully used
to differentiate between the ankle joint complex kinematics in patients with
rheumatoid arthritis and painful valgus deformity of the rearfoot and healthy,
asymptomatic volunteers [100].  In this study, the motion of the tibiotalar and subtalar
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joints are described simultaneously as the ankle joint complex, where
plantarflexion/dorsiflexion is assumed to occur at the ankle, inversion/eversion is
assumed to occur at the subtalar joint and internal/external rotation is assumed to be
the motion between the tibia and calcaneus [100].  These assumptions were supported
by previous studies that applied plantarflexion/dorsiflexion and pronation/supination
to the ankle joint while tracking the motion of the joints using roentgen
stereophotogrammetry [54, 55].  An additional study examining the effects of
internal/external rotation showed that internal rotation induced motion between the
tibia and talus, while external rotation induced motion in the subtalar joint [56].  These
studies also showed coupled motion occurred at the joints when
plantarflexion/dorsiflexion, pronation/supination and internal/external rotation were
applied. Additionally, the motion of the ankle joint complex measured with external
markers was shown to exceed the motion of the bones when measured with skeletal
markers [66].  Therefore, it can be concluded that the assumptions made in gait
analysis are not accurate descriptions of the motion of the hind foot and additional
methods should be examined.
Three-dimensional imaging such as computerized tomography (CT) and
magnetic resonance imaging (MRI) are both feasible methods to analyze incremental
internal joint motion in vivo because they are non-invasive can image track the motion
of all bones and can describe motion in six degrees-of-freedom [94].  One study
combined modeled the spatial kinematics and morphological surface of joints using
dynamic motion analysis by combining CT and six degree-of-freedom
electrogoniometry of the passive motion of the forearm, knee and ankle in vitro [94].
36
Data was analyzed using a joint coordinate system and an instantaneous helical axis.
The instantaneous helical axis had a maximal RMS error of 1° and 1.2 mm and the
reproducibility of the joint coordinate system was in average 1° for rotation and 1 mm
in translation.  Only joint coordinate system results were reported for the ankle joint.
The mean values (n=2) for plantarflexion, adduction and internal rotation were 43°, 9°
and 3°, respectively.  The maximal ankle translations were 4, 2 and 1 mm anteriorly,
medially and proximally, respectively [94].  This is the first study to examine dynamic
joint motion and joint morphology, however, the method is not practical for in vivo
use because bone pins were used in data collection and CT analysis is not realistic for
in vivo use because of ionizing radiation.  Expanding this study to include more
samples may yield clinically useful information and it is being used for educational
purposes [93].
An image processing and visualization software system, 3DVIEWNIX, was
developed to calculate internal morphologic (i.e., geometric centroid and the directions
of the first, second and third principal axes), architectural (i.e., distance between
centroids, angles between centroids and angles between principal axes) and kinematic
information from position to position (i.e., bone rotations calculated based on
equivalent axis theory and the centroidal translation relative to the scanner and all
other bones) from MR images in vivo and in vitro [90].  Previous studies have used a
positioning jig to hold the foot in different positions throughout its range of motion
while collecting MR images.  Once the MR data is collected, the boundary surfaces of
the bones are segmented, the displacement of each bone boundary surface from
position to position was estimated, and the kinematics were analyzed.  This technique
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has been used to analyze healthy asymptomatic joints and post-surgical joints while
calculating the kinematic parameters throughout the passive range of motion of the
foot.
3DVIEWNIX calculates the location of the geometric centroid and the
directions of the principal axes (see chapter 3 for the methodology).  These descriptors
are used to calculate architectural parameters, including the distance between
geometric centroids and the angles between the geometric centroids of three bones,
and the rotations about a helical axis and the translation of the centroids from the
neutral to stressed positions.
3DVIEWNIX can be used to systematically classify the 3D healthy and
pathological motion of the tarsal bones, which will help with correctly diagnosing and
will assist in surgical planning [89].  The mean distance between centroids and angle
between centroids calculated from 15 healthy joints of the tarsal bones in the foot (i.e.,
talus, calcaneus, cuboid and navicular) was compared to one patient with a
calcaneonavicular fusion before and after surgery.
In subsequent studies, the morphology of the bones in the rear foot was
assessed using 3DVIEWNIX by analyzing the sensitivity to variability in bone caused
by the acquisition and processing of MR images and to classify morphological
parameters derived from ten normal subjects [86].  This study examines the axis
lengths (AL1, AL2, AL3), the volume of the bone (mm3), a series of ratios describing
the overall shape of the bone (equation 2.1) and the ratio of the volume of the
rectangular box defined by the axes segments and the volume of the bone.
          
† 
R1 =
AL2
AL1
,R2 =
AL3
AL1
,R3 =
AL3
AL2
(2.1)
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The sensitivity of the principal axis system to segmentation was tested by examining
the orientation of the axes in 3D space and the length of the axes and the location of
the centroid.  The orientation of the objects in 3D space was found to be highly
reproducible and the inter- and intra-operator variations did not affect the principal
axes significantly.  However, the lengths of the principal axes were more variable than
the axis system itself.  Coefficients of correlation were approximately the same in the
intra-operator and the inter-operator study.  Operators with varying levels of
experience were chosen to participate in this study.  Therefore, it was concluded that
the experience level of the operator did not influence the reproducibility of the method
[86].  The ratios R1, R2 and R3 for all bones studies (i.e., the calcaneus, talus, cuboid
and navicular) were relatively consistent from person to person, thus demonstrating
that this method describes objects in terms of their shape instead of their size.  The
shape-based analysis could be a useful tool in diagnosing geometric deformity [86].
The method of studying the morphology, architecture and kinematics of bones
is limited because it does not apply loads to the joint.  In this study, this technique was
combined with a modified ankle flexibility tester to eliminate the limitations of both
techniques.
2.6 Methods for Describing Joint Motion
In early studies of joint motion, human joints were conceptually modeled as
simple joints (e.g., revolute, pin, planar and ball and socket joints) permitting three or
fewer degrees-of-freedom [38].  This section introduces methods that consider joint
motion in all six-degrees-of-freedom.  These methods include helical axis, dual Euler
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angles and a joint coordinate system developed by Grood and Suntay.  These methods
will be used to calculate the motion of the ankle and subtalar joints.
2.6.1 Helical Axis Method
The objective of the helical axis method was to provide a technique that would
consider all six-degrees-of-freedom while eliminating the simplifying assumptions
needed when joint geometry was considered in the calculations [38].  In this
methodology, each displacement is described as a rotation about a unique axis
followed by a translation along that same axis.
There are two major steps in solving the helical axis problem: position analysis
and displacement analysis.  In position analysis, the position of one body is described
relative to another body using a coordinate transformation (equation 2.2),
† 
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  or 
† 
¢ r m[ ] = ¢ B [ ] ¢ r m[ ]  (2.2)
where the subscript f refers to the body that is assumed to be fixed and the subscript m
refers to the moving body.  The B’ matrix must be determined in order to find the
position of the moving body relative to the fixed body.
The displacement of the moving body from position one to position two can
always be represented as a rotation about and a translation along a screw or helical
axis, which is a unique axis located in the fixed body. The helical axis is unique for a
given relative motion and its location in the fixed body is independent of the location
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of the coordinate system [38].  Six parameters are needed to define the displacements
(i.e., two parameters describe the location of the axis, two define the inclination of the
axis, one describes the translation (d) and one describes the rotation, f).
The first step in calculating the displacement of the moving bone relative to the
fixed bone is to transform the coordinates of the moving bone into the coordinate
system of the fixed bone. The matrix [B1] is the rotation matrix for the moving bone
relative to the fixed bone in the unstressed configuration and [B2] is the rotation matrix
for a moving bone relative to the fixed bone in the stressed configuration.  These
matrices are used to calculate the helical axis matrix, [98] (equation 2.3).
[A]=[B2][B1]-1 (2.3)
The [98] matrix takes the form shown in equation 2.4, where Sx, Sy, and Sz are a
function of the displacement along the screw axis (d) and the coordinates of an
arbitrary point on the screw axis (Px, Py, Pz).
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(2.4)
The submatrix, [98], represents a pure rotation about the helical axis and contains all
information concerning the rotation of the moving body.  If the direction cosines for
the helical axis are represented by ux, uy and uz, f is the angle of rotation and vers f =
1-cosf, the rotation matrix [98] is defined in equation (2.5).  [38]
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To determine the direction cosines of the helical axis, the helical axis is translated so
that it contains the origin of the coordinate system and is parallel to the original axis.
The transformation of a pure rotation of a point W, located on the translated helical
axis is expressed by: [R-I]{rw}=[0], which expands to the form in equation 2.6.
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The constraint equation: 1222 =++ zyx uuu  is used to solve the equation.
The rotation matrix [98] is also used to calculate the angle of rotation, f, about the
screw axis (equation 2.7).
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Once the direction of the equivalent axis has been found the helical axis parameters
can be calculated.  A point, P, located on the moving bone and the helical axis is
defined, such that a displacement from position one to position two will yield a
translation of the point P a distance d along the helical axis.  All six parameters may
be calculated (equation 2.8).
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2.6.2 Euler Angles
The dual Euler ankle method was introduced to describe exact three-
dimensional joint motions by Ying et al.[104].  The dual Euler angle method describes
six-degree-of-freedom motion, where the motion along any axis is described with a
rotation and translation component.  At the initial position, a vector on the rigid body
is defined as: 
† 
ˆ V 0 = V0 + eW0 , where 
† 
V0 is the magnitude and direction of the vector
with respect to the global coordinate system and 
† 
W0 = r ¥ V0 .  The vector, r connects
the origin of the global coordinate system, G, to any point on the line on which the
vector lies.  In the final position, the vector is defined as: 
† 
ˆ V = V + eW .  This vector
satisfies the following dual transformation relationship: 
† 
ˆ V = ˆ R x ( ˆ a )[ ] ˆ V 0, where:
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This transformation is valid for rotations and translations about the x-axis.  The
rotation matrices about the y-axis and the z-axis are given in equations 2.10 and 2.11,
respectively.
† 
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The resultant dual transformation matrix (equation 2.12) is calculated with respect to
the global and rigid body coordinate systems with left multiplication and right
multiplication, respectively [104].
† 
ˆ R [ ] = ˆ R z ( ˆ g )[ ] ˆ R ¢ y ( ˆ b )[ ] ˆ R ¢ ¢ x ( ˆ a )[ ]  (2.12)
The Euler angles were calculated from measurement data, where the location
of a minimum of three points on the tibia and calcaneus were recorded with respect to
a global coordinate system.  The coordinates of the set of n points were recorded in the
initial and final positions and were defined as r0i and ri, respectively.  The centroids of
these points were calculated as c0 and ci for the initial and final positions, respectively.
The final position vector was calculated with: 
† 
ˆ V i = (ri - c) + ec ¥ (ri - c) .
This method applied to assess the kinematics of the ankle joint complex (i.e.,
the motion between the tibia and calcaneus) using the Flock of Birds electromagnetic
tracking system (Ascension Technology, Burlington, VT) during plantar/dorsiflexion
in vivo.  The Flock of Birds measurement system provided the position and orientation
of the sensors.  The dual Euler angle method was first verified by producing a gimbal
structure, which produced a motion with known dual Euler angles.  The mean errors of
rotation angle and translation distance for all three dual angles were less than
0.41±.06° and 0.52±0.07 mm about the z-axis, 0.47±0.06° and 0.87±0.08 mm about
the y-axis and 0.74±0.05° and 0.38±0.03 mm about the x-axis [104].
This method was applied to the ankle joint complex on four adult volunteers
without history of ankle traumas or pathologies.  Sensors were fixed on the shank,
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lateral side of the heel and on a stylus for digitizing anatomical landmarks.  These
anatomical landmarks were the medial and lateral malleoli, the apex head of the fibula,
the prominence of the tibial tuberosity and four non-collinear points on the foot and
they were marked when the ankle angle was 90°.  The anatomical coordinate of the
shank was assumed to be fixed.  The origin of the coordinate system was located at the
bisection of the line connecting the medial and lateral malleoli.  The y-axis was
perpendicular to the plane containing the points on the malleoli and apex head of the
fibula, the z-axis was perpendicular to the plane containing the y-axis and the tibial
tuberosity and the x-axis was the cross product of the y- and z-axes.  The coordinates
of the non-collinear markers on the foot with respect to the shank coordinate system
during plantar/dorsiflexion were constructed using a coordinate transform and the dual
Euler angles of the foot with respect to the shank were calculated [104].  The authors
described the rotation about the z-axis as plantarflexion/dorsiflexion and medial/lateral
shift.  The motion about the y’-axis (i.e., the y-axis after the first rotation about the z-
axis) as inversion/eversion and anterior/posterior drawer.  The motion about the x’’-
axis was defined as internal/external rotation and compression/distraction.
This method was compared with the joint coordinate system (JCS) developed
by Grood and Suntay [20] and helical axis motion [38, 39].  The main difference
between the dual Euler angles and the JCS is that the JCS is not an orthogonal
coordinate system.  In certain circumstances, the JCS could be singular because it is
not orthogonal.  Additionally, the orthogonal properties of the dual Euler angles can
facilitate solving of problems when joint forces and moments must be determined
[104].  The dual Euler method can be understood by clinicians, while the helical axis
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method cannot because the coordinate system is body-fixed.  The authors concluded
that the dual Euler method will follow the anatomical motion pattern if the sequence
of the screw motions are selected appropriately [104], even though other studies,
criticize this technique because the sequence of the screw motions are dependent on
the sequence of the screw motions [20] .
2.6.3 Joint Coordinate System for the Clinical Description of 3D Joint Motions
A method of defining a joint coordinate system that is capable of describing
three-dimensional joint motion in clinically used terms was developed by Grood and
Suntay [20].  This joint coordinate system determines how the relationship between
two coordinate systems changes over time (i.e., the relationship is calculated in two
positions and the difference between the two positions describes the amount of
motion).  In a generic case, a body fixed coordinate system is assigned to the object
based on its shape.  A non-orthogonal unit base vectors are assigned such two are
embedded in the two bodies whose relative motion is being described and the third
axis is mutually perpendicular to the body fixed axes [20].  The unit vectors, e1 and e3,
are embedded in bodies A and B, respectively, while e2 is mutually perpendicular to e1
and e3.  The rotations and translations along these axes define clinical motions.  Two
of the relative rotations can be thought of as a rotation of each body about its fixed
axis while the other body remains stationary, while the third rotation occurs about the
floating axis, e2. The rotations about the base unit vectors provide a general geometric
description of Euler angles, however, they are not sequence dependent.  The joint
coordinate system method for describing three-dimensional, clinically relevant
motions was applied to the motion of the knee by Grood and Suntay [20]. This method
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has been applied to the ankle joint complex where the rotations about the axes of the
joint coordinate system refer to plantar/dorsiflexion, in/eversion and internal/external
rotation and the translations refer to compression/distraction, anterior/posterior drawer
and medial/lateral shift [79, 102]. This method is described in detail and the
definitions are expanded to the ankle and subtalar joints in the methodology (chapter
3).
2.7 Summary
This chapter describes the problems associated with the clinical detection of
hindfoot instability.  The physical examination may be reliable when an orthopedic
surgeon performs the examination [92], however, in most cases, it does not reliably
detect ligament damage [4, 15, 23, 34, 83].  It is difficult to detect instability with
stress radiography because stress radiography uses a planar image to determine joint
motion, which is a three-dimensional motion and there is no standardized definition of
instability, either as a detection threshold or in comparison to the healthy, contralateral
limb.  Arthography is capable of detecting ligament damage within the first 24 hours
of injury, however it is not possible to detect instability when the injury is chronic.
MRI can detect soft tissue damage, but it cannot detect instability.  If a MR image is
obtained without the detection of instability, it may detect a defect in the soft tissue
that does not affect the stability of the joint.  Finally, the extent of soft tissue injury
observed during surgery is not able to see soft tissue injury that occurs outside of the
surgical field of view and it may not be able to detect partial ligament ruptures.  The
most common methods used to clinically detect hindfoot instability are unable to
accurately and reliably detect this pathology.
47
Research methods are used in vivo and in vitro to improve the detection of
joint instability and to determine the effects of surgical reconstructions.  Many of the
in vitro techniques cannot be applied to in vivo, however, one six degree-of-freedom
device is capable of detecting damage to the ATFL and CFL by comparing the
flexibility of the injured ankle to the healthy, contralateral limb [80].  This device is
limited because it is unable to detect instability at the ankle or subtalar joint (i.e., it
detects the instability of the hindfoot) and it is affected by soft tissue interference.  The
results of this literature survey indicate the need for a technique that is capable of
detecting the affects of ligament damage at the ankle and subtalar joints.
There are a few techniques capable of detecting internal joint motion in vivo.
One of these studies can be applied in vivo without subjecting the patient to radiation
or highly invasive procedures.  This technique uses an image processing and
visualization software system, 3DVIEWNIX, to calculate the morphological
parameters of the bones.  These parameters are used to determine architectural and
kinematic relationships between the bones.  This method does not apply loads to the
joint.
There are three ways to describe the kinematics of the joints: the helical axis
method, dual Euler angles and the Grood and Suntay joint coordinate system.  The
helical axis method describes displacement as a rotation about an equivalent axis and a
translation about that axis and it is not dependent on the coordinate system.  The dual
Euler angles describes rotations about and translations along (e.g., centroidal
translation) each of the three principal axes.   The Grood and Suntay joint coordinate
system describes the six degree-of-freedom motions in clinically relevant terms.  Both
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the Grood and Suntay and dual Euler angle methods are coordinate system dependent
descriptions of motion.
The need to accurately and reliably detect instability of the ankle and subtalar
joint is identified in this literature review.  The current research methods have
limitations, for example, hindfoot instability can be detected, but ankle and subtalar
joint motion cannot be detected in one study [46], while another study can detect the
motion of the ankle and subtalar joint, but it is incapable of detecting instability
because it does not load the joint [89].
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CHAPTER 3: METHODOLOGY
3.1 Subjects
Both in vivo and in vitro data were collected in this study.  Data were collected
from seven, healthy asymptomatic volunteers (n=5 men and n=2 women) with an age
range between 26 and 55 and a mean age of 41.14.  None of the subjects had a history
of ankle or foot injuries.  Each volunteer had a negative anterior drawer and talar tilt
test, as determined by a manual physical examination performed by an orthopedic
surgeon prior to testing.
Data were collected from eight fresh frozen cadavers that were disarticulated at
the knee and stored at –20° C.  The specimens were thawed to room temperature prior
to testing.  These specimens were carefully examined for evidence of ankle pathology
before use.  The cadavers were tested with all ligaments intact, the ATFL sectioned,
the ATFL and CFL sectioned, with the Brostrom anatomic reconstruction and with the
Chrisman-Snook tenodesis.
3.2 Instrumentation
3.2.1 MR Compatible Ankle Loading Device
A non-metallic ankle loading device  compatible with MR scanning was
constructed to fit into a 1.5 Tessla commercial MR machine (Figure 3.1). This device
has six degrees of freedom, allowing for plantar/dorsiflexion, inversion/eversion,
internal/external rotation, medial/lateral shift, anterior/posterior drawer and
compression/distraction.  The structure of the linkage follows the Grood and Suntay
[20] joint coordinate system adopted for the ankle joint complex [80, 102].  Each of
the six degrees of freedom in the device permits the hindfoot to be locked in any
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position.  During the in vivo testing, the volunteer was instructed to lie prone and his
or her shank was secured to the end of the linkage using semicircular padded leg rests
and clamps (Figure 3.1).  The foot was then placed on the footplate, and the heel was
secured to this plate with medial, lateral and posterior clamps (Figure 3.2).  The
calcaneus rested on a five-centimeter wide heel rest and each side of the calcaneus was
clamped into place using manually applied force and the ankle was inverted to ensure
that the clamps would not slip when the ankle was loaded in vivo.  For the in vitro
tests, the tibia was potted into a four-inch diameter PVC pipe and a threaded rod was
drilled into the calcaneus to secure the leg into the device.  A v-shaped clamp was
secured against the tibia just above the ankle mortise to ensure maximal fixation of the
tibia during the anterior drawer test (Figure 3.3).   A removable aluminum bracket
could be attached to the inversion-eversion axis allowing for the application of
inversion/eversion moment and anterior/posterior drawer force.  The table holding the
patient and the ankle-loading device is removed from the room containing the MR
scanner, so that strain gauge torque and force sensors can be used to provide a
measure of the applied torque or force. The resulting gross external movement
between the footplate and the base, representing ankle complex motion, were
measured directly on each axis through an angular or linear scale attached to the
device.
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Figure 3.1: The six-degrees-of-freedom MR compatible ankle-loading device used for
loading the hindfoot for scanning in the MR. Axis e1 is fixed to the tibia and is aligned
with the intermalleolar axis. Rotation about it – a  corresponds to
dorsiflexion/plantarflexion. Translation along it – q1 corresponds to medial or lateral
shift. Axis e2 is a floating axis which remains mutually perpendicular to e1 and e3.
Rotation about it -  b corresponds to inversion/eversion and translation along it – q2
corresponds to anterior or posterior drawer. Finally, axis e3 is fixed to the calcaneus
and is aligned perpendicular to the plantar aspect of the foot. Rotation about it – g
corresponds to internal or external rotation and translation along it q3 corresponds to
compression or distraction.
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Figure 3.2: Details of the key components of the six degree-of-freedom MR
compatible ankle-loading device. A- Removal adaptor for applying anterior drawer
and inversion/eversion loads. B – Medial, lateral and posterior adjustable holders for
fixing the heel to the footplate.
Figure 3.3: Anterior drawer bar on the ankle-loading device
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3.1.2 MR Scanner and Scanning Parameters
The non-metallic AFT was placed into a 1.5 Tesla commercial GE Signa MR
scanner.  Two three-inch single-loop commercial coils were placed on the medial and
lateral sides of the ankle and one five-inch single loop coil was placed under the
calcaneus.  The coils were configured in a multi-coil receiver.  A 2D Fast Multi-planar
spoiled gradient echo localizer was acquired.  The localizer was followed by a 3D Fast
Gradient Echo Pulse sequence with a TR/TE/flip angle of 11.5 ms/2.4ms/60°, a
512x256 in-plane acquisition matrix, a ±31.2 receiver bandwidth and a 180 mm field
of view. Sixty 2.1 mm-thick contiguous slices were collected.  Each 3D volume image
required three minutes and nine seconds to acquire. In order to correlate the internal
bone movements obtained through the MR image processing procedure to the external
anatomy of the ankle, 3mm diameter holes were drilled into the footplate and filled
with oil and sealed.  A detailed description of their configuration and the correlation
between internal and external movements is presented in section 3.7.3.  Approval for
the use of this loading device in the MR scanner on cadaveric specimens as well as on
human subjects was obtained through the Institutional Review Board.
3.3 Testing Procedure
In this 3D sMRI technique, all limbs were tested in the neutral position and
under loading in inversion and anterior drawer.  The response of the ankle to inversion
and anterior drawer loads is measured because previous studies show that a significant
change in anterior drawer displacement indicates ATFL damage when compared to the
healthy limb in vivo or the intact ligaments in vitro and a significant change in
inversion and anterior drawer indicate damage to the ATFL and CFL when compared
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to the healthy limb in vivo or the intact ligaments in vitro [7, 19, 26, 36, 37, 46].  Time
constraints prevented testing in other directions.
3.3.1 in vivo Testing Procedure
The leg was placed in the ankle loading device and configured in a neutral
position, as defined by the International Society of Biomechanics [102] such that loads
could be applied along the anatomical axes.  In addition to the six degree-of-freedom
adjustments that were available for ankle motion, the base of the device could be
rotated to align the dorsiflexion/plantarflexion axis with the intermalleolar axis. The
foot was placed on the footplate and aligned such that the base of the second ray was
parallel. The anterior drawer bar was then placed over the tibia, just above the ankle
mortise.  For the healthy volunteers, the heel was then clamped in place. When the test
was conducted in vitro, a threaded rod was drilled through the calcaneus for secure
fixation.  Once the ankle was aligned, the axes were locked and neutral position
readings were taken from the scales attached to the ankle-loading device on the
inversion axis.  Calipers were used to measure the initial position for anterior drawer.
An initial scan was then acquired while the ankle was locked in the neutral position.
After the neutral position scan was recorded, the MR table with the subject
being scanned was rolled out of the scanner room and away from the magnetic field.
An aluminum u-shaped bracket was then attached to the inversion/eversion axis and
the ankle-loading device was unlocked. An inversion moment was slowly applied by
the operator using the instrumented torque handle until it reached a fixed value of 3.4
Nm.  The ankle was loaded and unloaded once for preconditioning and then the ankle-
loading device was locked in the loaded configuration.  The amount of inversion was
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recorded and a MRI scan was taken.  After the inversion scan, the table was again
removed from the scanner room, the inversion load was removed and the procedure
was repeated for a 135 N anterior drawer force.  Let the 3D images acquired for the
neutral, inversion and anterior drawer configurations for a given subject be denoted by
IN, II and IA, respectively.
3.3.1 in vitro Testing
The fresh-frozen cadavers were tested in five conditions: ligaments intact,
sectioned ATFL, sectioned ATFL and CFL, ligaments reconstructed with the
Brostrom procedure and ligaments reconstructed with the Chrisman-Snook tenodesis.
In the Brostrom anatomic reconstruction, the ATFL, CFL and retinaculum were
imbricated with one stitch each (Figure 3.4).  In the Chrisman-Snook tenodesis, a
plastic threaded rod was drilled through the fibula, parallel to the ATFL.  The
peroneus brevis tendon was attached to one end of the threaded rod and secured in
place with a ceramic washer and a plastic nut.  A piece of the peroneus longus tendon
was secured to the calcaneus with a plastic screw and the other end of the peroneus
longus was attached to the posterior half of the threaded rod and secured with the
ceramic washer and the plastic nut (Figure 3.5).  This procedure does not exactly
mimic the in vivo tenodesis, however, this compromise was made because of the
limited time in the MRI.
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Figure 3.4: Brostrom procedure in vitro
Figure 3.5:  Chrisman-Snook tenodesis in vitro
Peroneus Brevis Tendon
for ATFL repair
Peroneus Longus Tendon
for CFL repair
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3.4 Data Processing
An image processing and visualization software system, 3DVIEWNIX [90],
was used to process the MR images . The image-processing methodology begins with
the MR image data and produces a 3D boundary surface for each bone and a
description of the morphological and architectural parameters of the bone assembly.
The process is performed in four major steps, as follows.
3.4.1 Segmentation
In this step, the boundary of each bone in each 2D MR slice of each IN, II and
IA (i.e., the surface of the bone in neutral, inversion and anterior drawer) is identified
(Figure 3.6).  The interactive process used for this purpose is referred to as “live-wire”
[13].    In the live-wire method, the user initially picks a point, x0, on the bone’s
boundary in the 2D slice using a pointing device.  A “live-wire” path, which is a
sequence of pixel edges, is created between this point and any subsequent position, p1,
of the pointer by the computer, which represents the best among all possible paths
between the two points. If p1 is moved close to the boundary and if it is not too far off
from p0, the live wire snaps onto the boundary.  Subsequently, p1 is deposited via a
mouse click, which now becomes p0 and the process continues.  For most bones, three
to seven points selected along the boundary are adequate to delineate the entire
boundary. The live-wire method uses dynamic programming and the contour is
displayed in real-time. The outcome of the segmentation process is 3D binary images,
† 
IN ,B
b ,II ,B
b ,  and IA ,B
b , corresponding to each bone B 
† 
Œ Ca,Ta,Ti,Fi}{ , (denoting the
calcaneus, talus, tibia and fibula, respectively) and to the gray level images: IN, II, and
IA, respectively.
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Figure 3.6: Segmentation of the calcaneus.
3.4.2 Iso-shaping
The voxels in the acquired images (and hence, in the binary images outputted
by step 1) are cuboidal with a dimension of 0.6x 0.6 x 2.1 mm3.  To facilitate further
processing and for reasons of improved accuracy, the binary images output by step 1
are interpolated by using a shape-based method [65], which creates new, interpolated
binary images: 
† 
IN ,B
b,i ,II ,B
b,i ,  and IA ,B
b,i  for each 
† 
B Œ Ca,Ta,Ti,Fi{ }.  The voxels in these
images are cubic and of size 0.6 x 0.6 x 0.6 mm3.  Two of the bones comprising the
hindfoot, the tibia and fibula, are long bones, which appear only partially.  This
presents a problem with subsequent analysis of the 3D binary images
† 
IN ,B
b,i ,II ,B
b,i ,  and IA ,B
b,i  for these bones, since our methods require that the entire bone is
covered within the field of view.  This is obviously not a problem for the small bones
in the hindfoot, such as the talus and the calcaneus.  To address this problem, the long
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bones (i.e., the tibia and fibula) were truncated in a uniform way with a method called
iso-shaping [74, 75] (Figure 3.7). Iso-shaping identifies a “kernel” representing a set
of key points in the partial anatomic structure called shape centers. These points are
present in all images acquired for the tibia and fibula in different positions. These
shape centers provide the reference frame that is used to trim the bones so that they
produce a similar shape in each position.  These shape centers are defined by using a
distance transform [74, 75].  The output of this step is new binary images: IN,B, II,B, and
IA,B for each 
† 
B Œ Ca,Ta,Ti,Fi{ }, with 
† 
IN ,B = IN ,B
b,i ,II ,B = II ,B
b,i ,  and IA ,B = IA ,B
b,i  for
† 
B Œ Ti,Fi{ } .
The iso-shaping procedure was evaluated qualitatively by viewing image
displays and quantitatively.  The qualitative experiments showed a tibia in two
positions before and after iso-shaping.  Before iso-shaping, these bones were clearly
different lengths, while the shape was similar once the iso-shaping procedure had been
completed (Figure 3.7).  Four quantitative experiments were completed to evaluate the
effectiveness of iso-shaping.  The first experiment showed that iso-shaping works
perfectly when the errors due to imaging, segmentation, digitization and interpretation
were absent.  The second experiment showed that the mismatch among iso-shaped
objects is always less than 1%, which falls within the errors of the system.  The third
experiment evaluated the accuracy of iso-shaping on the bones from position to
position by calculating a percent overlap criterion.  The average and standard
deviation for twenty pairs of iso-shaped bones were 6.12% and 1.32%, respectively.
The final experiment studied the effectiveness of iso-shaping in registration, which
found that the mean and standard deviation of registration mismatch for bones without
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iso-shaping was consistently greater than the case with iso-shaping.  However, no
statistical significance was found.  The authors concluded that the errors within this
method occurred mostly due to and were within the limits of the errors from imaging
and image processing operations [75].
Figure 3.7: Effect of iso-shaping on the construction of the 3D surfaces of long bones
which are only partially visible in the field of view. 3D surface construction without
iso-shaping (a and b) and with iso-shaping (c and d) of the tibia.  Notice how iso-
shaping creates a uniformly truncated tibia.
3.4.3 Surface Construction
Surfaces are created and displayed [90] after the binary images produced in the
previous step have been filtered with a smoothing Gaussian filter [90] (Figure 3.8).
Each closed connected surface is expressed as a set of square facets of voxels together
with a surface normal assigned to each facet.  The purpose of filtering is to estimate
surface normals that are, as much as possible, free from digital artifacts.
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Figure 3.8: 3D surface representation of the tibia, fibula, talus and calcaneus.
3.4.4 Estimation of Morphological Parameters
The next step in describing the motion of a bone, b, is to define a coordinate
system fixed to the bone, called the bone-axis system of b [84, 86].  This coordinate
system consists of the geometric centroid and the unit vectors (
† 
ab
t ,bb
t ,g b
t ) describing
the direction of the principal axes in the scanner coordinate system (i.e., the frame is
attached to the originally acquired volume image).  In addition to the geometric
centroid and the principal axis system, the morphological parameters computed for
each bone include the volume enclosed by the surface of the bone, the direction of
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each of the three principal axes of the bone obtained by principal component analysis
of the surface points [86, 89]  in the scanner coordinate system, the length of the
intersection of each principal axis with the surface of the bone and the eigenvalues
associated with each principal axis.  The eigenvalues are comparable to the principal
geometric moment of inertia assuming a uniform mass distribution inside the surface.
A display of the principal axes for each of the bones of the hindfoot along with the
surface of the bone is shown in Figure 3.9.  In these displays, the principal axes are
drawn from the geometric centroid of the bone’s surface.
Figure 3.9: Renditions of the 3D surfaces of the talus and calcaneus with the principal
axes superimposed.
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The three centroids of the tibia, talus, and calcaneus describe a triangle.  One
set of architectural parameters describe the length of each side of this triangle and the
angle at each vertex [85] (Figure 3.10).  The other set of parameters indicate the angle
formed between the major principal axes of any two bones (i.e., of the talus-calcaneus,
talus-tibia and calcaneus-tibia pairs).
Figure 3.10: Definition of the architectural parameters of the hindfoot. L1, L2 and L3
are the distances between the centroids of Ti-Ta, Ta-Ca and Ti-Ca, respectively. a1,
a2, a3 are the angles of the triangle formed by the three centroids (i.e., Ca-Ti-Ta, Ti-
Ta-Ca and Ti-Ca-Ta, respectively). b1, b2, b3 are the angle formed between the major
principle axes of three pairs of bones.
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3.5 Kinematics
Three techniques were used to describe the displacements of the bones in the
ankle joint, ankle joint complex and subtalar joint.  The helical axis rotations and
centroidal translations were calculated in 3DVIEWINX.  The morphology calculated
in 3DVIEWNIX was used to calculate the Euler angles.  An anatomic coordinate
system was used from oil filled cylinders placed in the AFT and landmarks from the
3D reconstructions of the bones.  This coordinate system was used in combination
with the 3DVIEWNIX inertial frame to calculate the Grood and Suntay parameters
and the amount of translation that occurred between the origin of the tibia/fibula
anatomic system and the centroids of the talus and calcaneus.
3.5.1 Helical Axis Method Applied to 3D Stress MRI Technique
3.5.1.1 Helical Axis Method from Mechanics Prospective
A helical axis representation of the bones in the ankle joint describes a finite
rotation and displacement about an independent directed line, the helical axis.  This
motion is described by a set of helical axis parameters, u, f, d, and P, the direction of
the equivalent axis, the rotation about the equivalent axis, the displacement along that
axis, and a point on the helical axis, respectively.  To calculate these parameters, the
location of the geometric centroid and directional cosines of the principal axes
calculated in 3DVIEWNIX for each bone were assembled in rotation matrices.
Each rotational matrix in the unstressed and stressed positions were
transformed from the global (i.e., scanner) coordinate system to a coordinate system
relative to the tibia for the ankle and ankle joint complex and the talus for the subtalar
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joint.  The matrix [B1] is the rotation matrix for the moving bone relative to the fixed
bone in the unstressed configuration and [B2] is the rotation matrix for a bone relative
to the fixed bone in the stressed configuration.  [B 1] and [B2] are used to calculate the
screw axis matrix, [98] (equation 3.1).
[A]=[B2][B1]-1 (3.1)
The [98] matrix takes the form shown in equation 3.2, where Sx, Sy, and Sz are a
function of the displacement along the screw axis (d) and the coordinates of an
arbitrary point on the screw axis (Px, Py, Pz).
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We use the rotation matrix, R, to calculate the direction of the equivalent axis: ux, uy,
uz, with equation 3.3 and the constraint equation (equation 3.4)
[R-I]{rw}=[0] (3.3)
† 
1222 =++ zyx uuu (3.4)
The rotation matrix [98] is also used to calculate the angle of rotation, f, about the
screw axis (equation 3.5).
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Once the direction of the equivalent axis has been found, equation 3.6 and the
constraint equation 3.7 are used to solve for the screw axis parameters.
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   0=++ zzyyxx uPuPuP (3.7)
3.5.1.2 Helical Axis Method Calculated from Image Processing Perspective
Given T bone axis systems, a motion description containing a translation
component, 
† 
Xb (t) , and a rotation component, 
† 
Rb (t) , is derived (equation 3.8).
† 
Mb (t) = Xb (t),Rb (t) , for 
† 
1£ t ≥ T (3.8)
The translation component of the motion represents the translation of the geometric
centroid,
† 
Gb
t , of 
† 
Sb
t  to the centroid 
† 
Gb
t +1 of 
† 
Sb
t +1.  The rotation consists of an
instantaneous axis, Ab(t), and an instantaneous angle of rotation, fb(t) .  The
instantaneous axis is an axis passing through the geometric centroid such that when 
† 
Sb
t
is rotated by fb(t) it matches as best as possible 
† 
Sb
t +1.  The location of the geometric
centroid, directions of the principal axes, and motions are described in the scanner
coordinate system.  The translations and rotations can also be computed relative to a
reference bone,
† 
¢ b , and reported in terms of the bone-axis system, 
† 
S ¢ b 
t  These relative
motions are the best way to describe joint motion because they eliminate irrelevant
motion of the bones, such as motion of the joint assembly in the scanner [89].  The
equivalent axis technique was chosen to quantify the relative joint motion because no
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a priori (e.g., orders of rotations, axial constraints, etc.) assumptions are made about
joint motion using this technique [89].
This method was evaluated for its efficacy in calculating displacements, the
reliability of segmentation and its comparison to gait analysis type measurements.
Translations and rotations were prescribed to a bone suspended in a Magnevist‘
contrast medium validated the aforementioned method of motion description.  The
errors of translation and rotation were in the range of 0.3-2.2 mm and 0.9-1.3°,
respectively.   The repeatability of segmentation was tested for both inter- and intra-
operator reliability.  The maximum inter- and intra-operator variations in translation
and rotation were 0.4 mm, 0.4 mm, 1.1° and 1°, respectively.  The mean values were
0.3 mm, 0.2 mm, 0.8° and 0.7°, respectively.  The maximum inter- and intra-operator
variations in the locations of the centroid were 0.5 and 0.2 mm with mean values of
0.3 and 0.2 mm, respectively.  Two experiments were also conducted to compare 3D
MR and gait laboratory type measurements (i.e., stereometry). The first method used a
validation jig to compare MR measurements with gait laboratory measurements and
the second experiment compared 3D MR and 3D external measurements in a cadaver
limb.  The error in measurements using the validation jig ranged from –2.1° to 0.9°
using stereometry and was ±0.8° using 3D MR. The translations were accurate within
0.26 mm for both methods.  The angular excursion and translation between the tarsal
bones in the cadaver yielded similar results for both methods [89].
3.5.2 Grood and Suntay Technique
There are three main steps in calculating the Grood and Suntay parameters: 1)
define anatomic coordinate systems in the neutral position, 2) transform the inertial
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coordinates (i.e., from 3DVIEWNIX) to anatomic coordinates and 3) define the Grood
and Suntay Joint Coordinate System (JCS) and calculate the clinically relevant
rotations and translations.
3.5.2.1 Definition of Anatomic Coordinate Systems
The 3D reconstructions of the bones were used to define the tibia/fibula
reference frame.  A point on the lateral malleolus, medial malleolus and an
approximation of the centroid of the tibia (CT) at the level of truncation were hand
selected.   The line connecting the medial and lateral malleoli, running from medial to
lateral, defines the z-axis of the tibia/fibula.  The line perpendicular to a plane defined
by the points defining the medial malleolus, lateral malleolus and the point CT,
represented the y-axis of the tibial coordinate system.  The common perpendicular to
the z- and y-axes is defined as the x-axis of the tibia/fibula reference frame.  The point
bisecting the line connecting the malleoli is the origin of this coordinate system
(Figure 3.11).
In the neutral position, the coordinate systems for the talus and calcaneus are
coincident and their origins coincide with the origin of the tibia’s reference frame.
Their y-axes are the long axis of the tibia, defined as the line connecting the origin and
the point CT.  The x-axes of the talus and calcaneus rely on the oil filled markers
placed in the footplate of the AFT.  These markers were segmented (Figure 3.12) and
the end points were calculated.  The points at the intersection of lines R1 and R4 and
the intersection of points R2 and R3, were connected to form a line.  This line was
rotated 90 degrees.  The second ray of the foot was aligned parallel with this line,
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which defined the x-axis of the talus and calcaneus.  The z-axis of the talus and
calcaneus is the common perpendicular to the x- and y-axes
Figure 3.11: Anatomical coordinate system of the tibia/fibula defined in the neutral
position
Figure 3.12: Oil filled markers placed on the footplate of the ankle-loading device to
define the x-axis of the talus and calcaneus in the neutral position.
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3.5.2.2 Calculation of Fixed Transformation
Each of the aforementioned anatomic coordinate systems was assembled into a
rotation matrix.  The morphological information from 3DVIEWNIX in the neutral
position in the global frame (i.e., location of the centroid and directions of the
principal axes) was also assembled into a rotation matrix, 
† 
I
GTneu .  This information was
used to calculate a fixed transformation (equation 3.9), which can be used to transform
the inertial rotation matrix in a stressed position into an anatomical frame (equation
3.10).
( ) neuGAneuGIneuGAneuIGIA TTTTT ⋅=⋅=
-1 (3.9)
neu
G
I
I
Astress
G
A TTT ⋅= (3.10)
2.5.2.3 Grood and Suntay Parameters
For all joints using the Grood and Suntay JCS the directions of the angles and
translations are defined as follows: 1) dorsiflexion is positive and plantarflexion is
negative, 2) external rotation is positive and internal rotation is negative, 3) inversion
is positive and eversion is negative, 4) lateral shift is positive and medial shift is
negative, 5) compression is positive and distraction is negative and 6) anterior drawer
is positive and posterior drawer is negative.
The Grood and Suntay JCS for the ankle joint is defined in Figure 3.13. The
angles a, b, and g define plantar/dorsiflexion, internal/external rotation and
inversion/eversion, respectively and medial/lateral shift, compression/distraction and
anterior/posterior drawer translations occur along the e1, e2 and e3 axes, respectively.
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Figure 3.13: Grood and Suntay JCS for ankle joint
The Grood and Suntay JCS for the subtalar joint is defined in Figure 3.14. The
angles a, b, and g define inversion/eversion, plantar/dorsiflexion and internal/external
rotation, respectively and anterior/posterior drawer, medial/lateral shift and
compression/distraction translations occur along the e1, e2 and e3 axes, respectively.
The Grood and Suntay JCS for the ankle joint complex is defined in Figure
3.15. The angles a, b, and g  define plantar/dorsiflexion, inversion/eversion and
internal/external rotation, respectively and medial/lateral shift, anterior/posterior
drawer and compression/distraction translations occur along the e1, e2 and e3 axes,
respectively.
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Figure 3.14: Grood and Suntay JCS for the subtalar joint
Figure 3.15: Grood and Suntay JCS for the ankle joint complex
3.5.3 Euler Angles and Translations along Tibia Anatomic Axis
Euler angles were calculated for the ankle joint, ankle joint complex and the
subtalar joint.  The coordinates for the talus and calcaneus calculated in 3DVIEWNIX
and the anatomic tibia/fibula coordinate system were the axes about which the
rotations occurred. To describe the motion of the ankle joint, ankle joint complex and
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subtalar joint, the inertial frame of the talus was transformed to the anatomic tibial
frame (i.e., 
† 
Ta
TiT=Ti
GT-1Ta
GT ), the calcaneus was transformed to the tibial reference frame
and the calcaneus was transformed into the talar frame, respectively.  The rotation
matrix  (equation 3.11) had rotations about the z-axis, the y’-axis and the x’’-axis.
Knowing the order of rotations, led to solving for the rotations f, q, and y.
† 
R[ ] = Rz (f)[ ] R ¢ y (q)[ ] R ¢ ¢ x (y)[ ] (3.11)
The displacement of the origins of the transformation matrices, 
† 
Ta
TiT, Ca
TiT and Ca
TaT , from
neutral to the stressed positions were calculated and projected along the anatomic
frame of the tibia for the ankle and ankle complex and the inertial frame of the talus
for the subtalar joint.
3.6 Evaluation of 3D Stress MRI Technique
An Optotrak 3020 system (Northern Digital Inc., Toronto, Ontario, Canada)
was used to collect position data in neutral, with 3.4 Nm inversion moment and 135 N
anterior drawer force applied to the ankle of eight cadavers disarticulated at the knee.
Four infrared light emitting diodes were configured on a rigid body and these rigid
bodies were attached to the tibia, fibula, talus and calcaneus using a fixation method
evaluated by Imhauser et al. [28].  A six-marker digitizer was used to identify the
medial and lateral malleoli, medial and lateral condyles and distal and proximal points
on the second ray, to define anatomic coordinate systems to the bones.  After the data
was collected with Optotrak, the same data was collected in the MRI.
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The marker locations were exported into an ASCII file and coordinate systems
were calculated for each rigid body in Matlab (Mathworks, Natick, MA).  These data
were used to calculate the helical axis rotations of the rigid bodies, which were
compared to the helical axis rotations measured in the MRI.
3.7 Statistical Analysis
The reliability of the image analysis process used to derive the morphological
properties of the bones was established using an interclass correlation coefficient
(ICC) analysis.  For this purpose, it was assumed that the bones are rigid and do not
change their shape between various positions of the hindfoot.  In this analysis, the in
vivo and in vitro data were combined. The in vivo measurements (each obtained from a
separate MR scanning session) were repeated 3 times. The in vitro measurements
(each obtained from a separate MR session) were repeated 15 times. The left-to-right
symmetry of the morphological properties was analyzed and the percentage
differences and the corresponding standard deviations were computed.   Repeated
measures ANOVA with a Bonferoni post-hoc test was used to test for significant
differences between all conditions tested in vitro.  Finally, the root mean square
(RMS) error was calculated between the Optotrak helical axis rotations and the MRI
helical axis rotations.
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CHAPTER 4: RESULTS
4.1 Morphological Properties in vivo and in vitro Demonstrate the Reliability of
Segmentation and Symmetry
The percentage change in bone morphology of the hindfoot derived from
repeated MRI measurements was less than 4%. This resulted in high reliability (i.e.,
high ICC values) in obtaining these parameters (Table 4.1). The highest reliability in
deriving the morphological properties was obtained for the calcaneus
(0.973<ICC<0.997). Of the various morphological properties, the length of the
principal axes was the least reliable.
Table 4.1: The morphological properties (i.e., geometric principal moments of inertia,
volume, and length of the principle axes of inertia) of the calcaneus, talus and tibia.
Shown in the table are the average and standard deviation values, the ICC values and
the root mean square error values quantifying the level of left to right symmetry in
bone morphology.  The ICC values were based on 3 repeated measures in vivo and 15
repeated measures in vitro.
Bone Principal Moments of Inertia [mm4] Volume [mm3] Length of principal axes[mm]
average±std
ICC/LtoR
RMSE
average±std
ICC/
LtoR
RMSE average±std
ICC/LtoR
RMSE
ca
506.89±80.28
172.86±29.33
121.20±21.63
.997/5.26
.986/4.42
.991/2.57
63275±14459 .991/1961
79.48±7.14
39.89±4.44
37.54±4.74
.997/0.27
.973/0.31
.999/0.44
Ta
245.00±34.78
131.86±23.28
85.19±12.51
.994/1.96
.942/4.23
.991/0.19
33984±7637 .993/740.8
53.74±3.95
35.86±3.30
22.10±2.78
.99/0.05
.777/0.52
.874/0.05
Ti
359.54±25.00
162.41±30.01
120.28±20.67
.861/7.61
.992/2.45
.992/1.52
48390±10300 .989/96.4
56.03±1.89
37.87±3.33
31.02±10.35
.755/0.57
.952/0.25
.999/0.28
The average left-to-right percent difference in the morphological parameters
for all bones was less than 5.2%.
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4.2 Architectural Properties
The average and standard deviation of the geometrical properties of the
triangle formed between the centroids of the tibia, talus and calcaneus in healthy,
asymptomatic volunteers were: Ca-Ta=34.91±3.11, Ca-Ti=64.91±3.11, Ta-
Ti=35.23±2.8; Ca-Ta-Ti=134.16±8.92, Ta-Ti-Ca=22.84±4.68, Ti-Ca-Ta=23.0±4.28.
4.2.1 Architectural Parameters Vary by less than 6% from the Neutral to
Stressed Positions in Healthy Volunteers
The percent change in these values produced by loading the hindfoot into
inversion or into anterior drawer was found to be less than 2%. This value falls within
the error margin previously established for the 3D MRI reconstruction process [84,
86].  The angles between the major principal axes (Table 4.2) were only slightly
affected by loading the hindfoot into inversion (< 6%) or into anterior drawer ( < 5% ).
Table 4.2: Angles between major principle axes and the changes produced in these
angles by loading the hindfoot into inversion or into anterior drawer.
Bones Angle [degrees]
Neutral to
Inversion
[% change]
Neutral to
Anterior Drawer
[% change]
Ca-Ta 33.24±4.74 5.64±4.91 4.56±2.53
Ca-Ti 75.53±11.20 -1.30±2.70 1.62±1.66
Ta--Ti 76.81±5.97 -0.19±2.18 2.17±1.53
4.2.2 The Left-to-Right Differences in Architectural Parameters are Less than
10% in Healthy Volunteers
The largest left-to-right differences, expressed in percentages, in architectural
properties were found to be less than 10% (Table 4.3). These largest differences
corresponded to the angle between centroids (Ta-Ti-Ca and Ti-Ca-Ta).  The level of
left-to-right symmetry in the changes induced in the architectural properties by either
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an inversion load or an anterior drawer load was found to be less than 5.5% (Table
4.3).
Table 4.3: Left-to-right symmetry (expressed in percentages) in the architectural
properties of the hindfoot and the changes in these properties were induced by
inversion and anterior drawer loads.
Percent Left-to-right differences
Distance Between Centroids/Shape Centers Value
Change from
Neutral to
Inversion
Change from
Neutral to
Anterior Drawer
Ca-Ta 1.45±1.38 1.40±1.01 0.90±0.60
Ca-Ti 1.70±1.42 1.08±1.42 1.75±1.58
Ta--Ti 3.67±3.60 2.47±3.14 2.40±2.42
Angle Between Major Axes
Ca-Ta 3.99±2.56 4.54±2.73 4.99±4.26
Ca-Ti 2.75±1.59 2.48±2.41 1.92±2.01
Ta-Ti 3.22±1.77 1.71±1.56 2.53±1.11
Angle Between Centroids/Shape Centers
Ca-Ta-Ti 2.95±1.12 0.90±0.68 1.37±1.41
Ta-Ti-Ca 9.34±4.80 4.74±4.50 5.53±6.25
Ti-Ca-Ta 9.80±5.91 3.26±2.00 3.28±3.49
4.2.3 Some Architectural Parameters Change Significantly with Ligament Injury
and Reconstruction in vitro
The average and standard deviations of the architectural parameters were
calculated in the neutral position from eight cadaver limbs with the ligaments intact,
the ATFL sectioned, the ATFL and CFL sectioned, the Brostrom procedure (BR) and
the Chrisman-Snook (CS) procedure (Table A1.1).  No significance was found
between the five conditions.
The percent change of the architectural parameters from the neutral position to
inversion was calculated in all five conditions studied (Table A1.2).  The changes in
the distance between the centroids of the calcaneus and the talus was significant from
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the intact condition to the ATFL and CFL sectioned (p=.0024) and the distances
between the sectioned ATFL and CFL to the Brostrom procedure (p=.0046).  The
differences between the angles between the major principal axes of the calcaneus and
talus were significant between the intact condition and 1) sectioned ATFL and CFL
(p=.001), 2) the Brostrom procedure (p=.0011) and 3) the Chrisman-Snook procedure
(p<.0001).  The angle between the major axes of the calcaneus and the tibia had
significant differences between the sectioned ATFL and CFL and 1) the Brostrom
procedure (p=.0048) and 2) the Chrisman-Snook procedure (p=.0021).  All three
angles between the centroids had significant differences between the intact condition
and the sectioned ATFL and CFL.  Their p-values were: 1) Ca-Ta-Ti (p=.0021), 2)
Ca-Ti-Ta (p=.0014) and 3) Ta-Ca-Ti (p=.0005).   Additionally, the change in the angle
between Ta-Ca-Ti was significant between sectioned ATFL and CFL and the
Brostrom procedure (p=.0013).
The percent change of the architectural parameters from the neutral position to
anterior drawer was calculated in all five conditions studied (Table A1.3).  The angle
between the principal axes of the calcaneus and the tibia showed a statistical
significance between the sectioned ATFL and CFL and the Chrisman-Snook
procedure (p=.0042).  The angles between Ca-Ta-Ti and Ta-Ca-Ti had significant
differences between the sectioned ATFL and the sectioned ATFL and CFL (p=.0040
and p=.0022, respectively).  All other parameters yielded no significant differences
from condition to condition.
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4.3 Kinematics
The bone kinematics were explored using three separate techniques: helical
axis, Grood and Suntay parameters and Euler angles. These data were used to explore
the contribution of the ankle and subtalar joints to the motion of the ankle joint
complex.  In all methods, the displacement of: 1) the ankle joint was calculated as the
motion of the talus relative to the tibia, 2) the subtalar joint was the motion of the
calcaneus relative to the talus and 3) the ankle joint complex was the motion of the
calcaneus relative to the tibia.
4.3.1 The Ankle and Subtalar Joint Contribute to the Motion of the Hindfoot
Displacements occur at both the ankle and subtalar joint when the hindfoot is
loaded.  This is shown in the net displacements as calculated by the amount of rotation
about an equivalent axis and the displacement of the centroids (Table 4.4) and the
rotations and translations calculated with the Grood and Suntay joint coordinate
system (Tables 5.5-5.7).
Table 4.4: Average±standard deviation of amount of rotation about equivalent axis
and centroidal translation produced in response to anterior drawer and inversion loads.
Ankle Joint Subtalar Joint Ankle Joint Complex
Load Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°)
in
vivo
2.64±2.20 6.57±5.23 5.47±5.12 6.74±4.50 1.73±1.0 9.68±6.10Inversion
in
vitro
3.38±1.47 8.84±4.08 2.22±1.11 7.60±4.17 7.26±4.08 11.61±6.07
in
vivo
2.13±1.41 5.50±2.33 1.69±1.48 3.90±1.79 3.78±2.79 4.72±2.2Anterior
Drawer
in
vitro
3.49±2.09 7.15±6.46 1.32±1.01 3.46±1.83 7.34±4.46 7.31±5.95
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4.3.2 Coupled Motions Occur at the Hindfoot
Coupled motions are observed at the ankle, subtalar joint and the ankle joint
complex (Tables 4.4-4.9).  Rotations and translations occur when the hindfoot was
loaded in inversion and anterior drawer.  These results were observed in all three
methods of kinematic evaluation.
The Grood and Suntay parameters show the coupled motions in clinically
relevant terms (Tables 4.5-4.7).  Supination occurs when inversion is applied to the
hindfoot.  When anterior drawer is applied, the hindfoot consistently shifts medially
and inverts in addition to the anterior drawer motion.
Table 4.5: Average and standard deviation of coupled motions at the ankle joint,
described in Grood and Suntay joint coordinate system
Load
a
 (pf-df)
b
(in/ext)
g
(in/ev)
q1
(med/lat)
q2
(comp/dist)
q3
(ant/post)
in vivo -1.82±4.97 3.92±5.18 4.70±7.53 -0.10±2.85 0.98±2.45 0.94±1.68Inversion
in vitro -2.02±5.23 3.86±2.40 8.35±8.20 2.51±1.99 -0.42±1.45 3.05±1.01
in vivo 2.24±1.92 3.75±3.29 3.34±2.55 1.63±1.25 0.76±0.99 0.93±1.11Anterior
Drawer
in vitro -1.54±6.18 -1.91±7.49 4.81±5.59 1.12±1.33 -0.36±1.20 2.80±2.20
Table 4.6: Average and standard deviation of coupled motions at the subtalar joint,
described in Grood and Suntay joint coordinate system.
Load
a 
(in/ev)
b
 (df-pf)
g
(in/ext)
q1
(ant/post)
q2
(med/lat)
q3
(comp/dist)
in vivo 5.10±3.67 0.01±3.02 3.92±3.48 1.92±2.02 0.98±2.45 -1.11±1.57
Inversion in vitro 4.43±3.97 1.06±2.61 6.02±2.38 2.51±1.99 -0.42±1.45 -0.41±3.42
in vivo 3.39±3.46 1.28±0.82 2.46±1.32 0.85±0.49 1.53±1.87 0.40±0.41Anterior
Drawer in vitro 2.60±1.45 -0.10±1.72 0.44±2.35 1.01±0.88 -0.07±0.83 0.42±0.66
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Table 4.7: Average and standard deviation of coupled motions at the ankle joint
complex, described in Grood and Suntay joint coordinate system
Load
a 
(pf-df)
b 
(in/ev)
g
(in/ext)
q1
(med/lat)
q2
(ant/post)
q3
(comp/dist)
in vivo -1.03±4.63 6.74±4.91 5.55±5.93 0.08±2.44 1.38±2.91 -1.11±1.57
Inversion in vitro -3.47±9.09 7.68±5.44 3.28±3.30 2.65±2.74 3.88±2.13 1.62±1.72
in vivo 2.52±2.85 3.85±4.08 2.88±2.20 1.95±1.54 1.25±1.28 1.05±1.14Anterior
 Drawer in vitro -1.37±4.79 2.20±2.74 1.98±8.34 1.38±1.77 3.68±2.96 1.50±0.82
4.3.3 Euler Angles can be described in Clinically Relevant Term at the Ankle and
Ankle Joint Complex
Calculating Euler angles allows the rotation of the joint to be considered in
three components, a rotation about the z-axis, y'-axis, and x''-axis in vivo (Table 4.8)
and in vitro (Table 4.9).  In these calculations, the anatomical frame of the tibia was
used and the inertial frame calculated from 3DVIEWINX was used for the reference
frames of the talus and calcaneus.    These motions cannot be directly compared to the
Grood and Suntay coordinate system.  However, the anatomic coordinate system is
used for the definition of the tibial coordinate system.  Therefore, clinically relevant
rotations and translations can be approximated at the ankle and ankle joint complex as
follows: 1) the rotation about the z-axis approximates plantarflexion/dorsiflexion, the
rotation about the y'-axis approximates inversion/eversion and the rotation about the
x''-axis approximates internal/external rotation.  The rotations for the subtalar joint
cannot be clinically approximated because the axes considered are based on the
inertial coordinate frames.
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Table 4.8: Average and standard deviations of the values of Euler rotations in vivo
Joint Load Y (rot z) Q (rot y’) F (rot x’’)
Inv 1.58±1.84 2.53±2.46 3.12±3.46
Ankle AD 2.31±1.68 3.48±2.63 3.50±2.53
Inv 2.10±1.39 1.16±0.93 3.15±2.50STJ
AD 2.18±1.25 0.85±0.57 3.31±3.48
Inv 1.28±1.63 3.11±2.99 4.40±2.86Ankle
Complex AD 1.22±1.09 3.40±2.98 3.75±3.90
Table 4.9: Average and standard deviations of the values of the Euler angles in vitro
with ligaments intact
Joint Load Y (rot z) Q (rot y’) F (rot x’’)
Inv 0.70±2.52 2.30±3.25 7.13±3.71
Ankle AD 3.49±2.82 2.01±7.45 1.03±6.28
Inv 4.66±1.97 0.94±1.63 2.93±5.47STJ
AD 0.14±1.52 0.12±1.04 0.64±3.29
Inv 3.31±4.12 0.96±2.75 8.11±6.49Ankle
Complex AD 4.34±2.68 1.22±7.87 2.66±4.04
4.3.4 The Effect of Soft Tissue Interference is Demonstrated when the Motion of
the Ankle Loading Device is Compared to the motion of the Bones
The rotation measured on the ankle-loading device when inversion was
applied, was compared to the helical axis rotation calculated for the motion of the
calcaneus relative to the tibia both in vivo and in vitro.  The same procedure was
repeated for anterior drawer translations (Table 4.10).  These data were calculated to
approximate the effect of soft tissue interference on the measurements.  The
significantly greater external measurements both in vivo and in vitro demonstrate the
soft tissue interference measured when only the external motion was considered.
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Table 4.10:  The average and standard deviation of the motion measured on the ankle-
loading device, the displacement between the tibia and calcaneus calculated from the
equivalent axis and Grood and Suntay JCS.
Load External Measurement
Equivalent Axis
and Centroidal
Translation
Grood and
Suntay
in vivo 19.0±8.68 12.52±5.82 6.50±6.02Inversion (°)
in vitro 20.19±5.58 12.60±5.81 7.68±5.44
in vivo 10.46±5.80 4.08±2.72 2.55±2.35Anterior Drawer (mm)
in vitro 11.70±3.22 7.34±4.46 3.68±2.96
4.3.5 Equivalent Axis Rotations Calculated with and Optoelectric System Showed
Measurement Error at the Subtalar Joint when Inversion was Applied
The average values ± their standard deviations of the equivalent axis rotation
calculated from the data collected with the Optotrak and with the MRI (i.e., using
3DVIEWNIX) were calculated (Table 4.11).  The in vitro evaluation of the stress MRI
technique when inversion was applied shows a large RMS error at the subtalar joint of
6.24°, while the RMS error for the ankle and ankle joint complex were 1.68° and
1.31°, respectively.  The largest RMS error for rotation in anterior drawer as 1.40°.
Table 4.11: The average±standard deviations of the average helical axis rotations of
eight cadavers calculated from Optotrak data and MRI data and the root mean square
error between the two methods of data calculation.
Ankle Subtalar Joint Complex
Load Optotrak MRI Optotrak MRI Optotrak MRI
Inversion 8.03±2.94 9.46±3.98 14.82±4.12 8.29±3.97 14.79±2.77 12.60±5.81
Anterior
Drawer 6.37±2.40 4.97±2.12 3.85±2.00 3.46±1.98 6.26±2.40 5.35±2.36
4.3.6 Damage to the ATFL in Isolation is not Detected with Statistical
Significance in vitro
The motion of the hindfoot was examined both qualitatively and quantitatively.
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Qualitatively, the amount of inversion was examined in all five tested conditions and
is shown for ligaments intact, ATFL sectioned and ATFL and CFL sectioned inversion
and anterior drawer (Figure 4.1).
         (a)        (b)      (c)
Figure 4.1: Qualitative view of one cadaver (a) with ligaments intact, (b) with the
ATFL sectioned and (c) with ATFL and CFL sectioned while 135 N anterior drawer
force was applied.
When the Grood and Suntay parameters were examined, the translation at the
ankle and the ankle joint complex showed an increase in anterior drawer when the
ATFL was sectioned when anterior drawer was applied (Table 4.12). The p-values
between the intact condition and the sectioned ATFL were 0.2505 and 0.2461 at the
ankle and ankle joint complex, respectively. The translations at the subtalar joint were
within the error of 3DVIEWNIX.
The motion of the ankle-loading device was measured in the five conditions of
cadaver testing (Table 4.13) and the bone kinematics using the rotation about a helical
axis and centroidal translation (Table 4.14-4.15, A2.1-A2.2), Grood and Suntay JCS
(Tables 4.12-4.16 and A2.3- and A2.8) and Euler angles (Tables A2.9-A2.11) were
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recorded.  No statistically significant changes were observed from the intact condition
to the sectioned ATFL.
Table 4.12: The average and standard deviations of the anterior drawer translation as
calculated by the Grood and Suntay JCS when anterior drawer was applied with the
ligaments intact, the ATFL sectioned, the ATFL and CFL sectioned, the Brostrom
Procedure and the Chrisman-Snook Procedure
Load Intact Cut ATFL Cut CFL BR CS
Ankle 1.8±3.2 3.3±3.9 3.6±2.4 0.8±1.6 -0.8±1.5
STJ 0.9±1.0 0.6±0.8 0.1±1.2 -0.1±1.1 0.6±1.5
Complex 2.9±3.8 3.8±2.8 4.9±4.7 3.3±1.9 3.2±3.7
4.3.7 Damage to the ATFL and CFL is Detected with Statistical Significance
using sMRI in vitro
Qualitatively, the amount of inversion was examined in all five tested
conditions and is shown for ligaments intact, ATFL sectioned and ATFL and CFL
sectioned inversion (Figure 4.2).
     (a)        (b)        (c)
Figure 4.2: Qualitative view of one cadaver (a) with ligaments intact, (b) with the
ATFL sectioned and (c) with ATFL and CFL sectioned while 3.4 Nm inversion
moment was applied.
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There were significant difference between intact ligaments and the cut ATFL
and CFL (p=.0003), cut ATFL and cut ATFL and CFL (p=.0005) when the external
motion of the ankle loading device was measured after an inversion moment was
applied (Table 4.13).
Table 4.13: Average and standard deviation of the values of the displacement of the
ankle-loading device in degrees when inversion was applied and mm when anterior
drawer was applied with the ligaments intact, sectioned ATFL, sectioned ATFL and
CFL, Brostrom procedure and Chrisman-Snook procedure.
Load Intact Cut ATFL Cut CFL BR CS
Inversion (degrees) 17.95±6.83 20.0±7.07 28.60±11.26 20.65±7.45 16.5±6.64
Anterior Drawer (mm) 11.22±3.12 12.80±4.14 14.14±4.08 12.69±4.62 13.34±4.79
The rotation about the helical axis when a 3.4 Nm inversion moment was
applied (Table 4.14) had significant changes for the ankle joint and ankle joint
complex between the intact condition and sectioned ATFL and CFL (p=.004 and
.0003).  Additional significance occurred between the sectioned ATFL and sectioned
CFL at the ankle joint complex (p=.0005).  The rotation about the helical axis when a
135 N anterior drawer force was applied (Table 4.15) did not show any significance at
the ankle or the ankle joint complex.  The changes in the rotations at the subtalar joint
showed significant differences between: 1) the intact ligaments and the sectioned
ATFL and CFL (p=.0043) and 2) the sectioned ATFL and sectioned ATFL and CFL
(p=.0026).
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Table 4.14: Average and standard deviation of the values of helical axis rotations (°)
when a 3.4 Nm inversion moment was applied with the ligaments intact, the ATFL
sectioned, the ATFL and CFL sectioned, Brostrom Procedure and Chrisman-Snook
procedure.
Joint Intact Cut ATFL Cut CFL BR CS
Ankle 8.84±4.08 12.62±5.32 17.65±8.51 9.34±5.36 9.75±4.98
Complex 11.61±6.07 13.26±6.03 23.38±8.32 13.03±6.11 10.86±5.48
STJ 7.60±4.17 6.81±2.16 9.82±8.35 8.46±4.78 4.18±1.79
Table 4.15: Average and standard deviation of the rotation about the helical axis (°)
when a 135 N anterior drawer force was applied with the ligaments intact, the ATFL
sectioned, the ATFL and CFL sectioned, the Brostrom Procedure and the Chrisman-
Snook Procedure.
Joint Intact Cut ATFL Cut CFL BR CS
Ankle 4.97±2.12 7.22±4.41 6.89±2.51 5.24±2.77 7.34±2.53
Complex 7.31±5.95 10.34±13.55 8.71±5.49 6.92±4.84 6.86±2.24
STJ 3.46±1.83 3.19±2.26 8.54±5.99 3.31±1.68 4.97±2.95
The amount of inversion measured with the Grood and Suntay JCS under a 3.4
Nm moment showed an insignificant increase from the intact to sectioned ATFL and
CFL (Table 4.16).  The p-values were 0.2617, 0.3187 and 0.5994 at the ankle, subtalar
joint and the ankle joint complex, respectively.  When anterior drawer was applied, the
amount of inversion increased when both the ATFL and CFL were sectioned at the
ankle and subtalar joint (Tables A2.3 and A2.5).
Table 4.16: Average and standard deviation of the amount of inversion obtained using
the Grood and Suntay JCS when a 3.4 Nm inversion moment was applied with the
ligaments intact, the ATFL sectioned, the ATFL and CFL sectioned, the Brostrom
procedure and the Chrisman-Snook procedure.
Joint Intact Cut ATFL Cut CFL BR CS
Ankle 4.6±10.4 4.0±8.3 10.5±6.2 3.1±6.7 5.5±3.4
STJ 4.0±3.9 3.9±2.8 7.9±7.8 6.0±4.5 2.9±2.4
Complex 7.0±5.4 7.9±5.4 14.8±4.4 9.3±3.9 6.9±3.5
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4.3.8 The Brostrom and Chrisman-Snook Procedures Restore Stability
The rotation of the ankle loading device showed significant differences
between the condition with both the ATFL and CFL sectioned and the Brostrom
procedure (p=.0013) and Chrisman-Snook procedure (p=.0002).
The rotation about the helical axis when a 3.4 Nm inversion moment was
applied (Table 4.14) had significant changes for the ankle joint and ankle joint
complex between the sectioned ATFL and CFL and the Brostrom procedure (p=.0011
and .0013) and the Chrisman-Snook procedure (p=.0017 and p=.0002), respectively.
Additional significance occurred between the sectioned ATFL and sectioned CFL at
the ankle joint complex (p=.0005).  The rotation about the helical axis when a 135 N
anterior drawer force was applied (Table 4.15) did not show any significance at the
ankle or the ankle joint complex.  The changes in the rotations at the subtalar joint
showed significant differences between the sectioned ATFL and sectioned ATFL and
CFL (p=.0026) and the sectioned ATFL and CFL and the Brostrom procedure
(p=.0025).
The Grood and Suntay JCS yielded decrease in the inversion between both
ligaments sectioned and the Brostrom procedure (p=.0964 and p=.4275) and the
Chrisman-Snook procedure (p=.2708 and p=.1317) at the ankle and ankle joint
complex, respectively.  When inversion was applied, the ankle tended to plantarflex
and both surgical procedures decreased the amount of plantarflexion (i.e., the surgical
procedure caused the ankle to dorsiflex).  The amount of internal rotation increased
when the ATFL was sectioned and little change was observed in internal rotation
when both ligaments were sectioned.  There was little observable difference in internal
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rotation with either surgical procedure (Table A2.3).  At the ankle, the Brostrom
Procedure tends to provide more stabilization than the Chrisman-Snook procedure.
The p-value between the two translations is 0.5129.
In summary, at the ankle, subtalar joint and ankle joint complex, there was an
increase in the amount of inversion rotation from intact to ATFL and CFL sectioned
and a decrease in inversion when both surgical procedures were performed.  When
anterior drawer was applied, the anterior drawer translation increased from intact to
sectioned ATFL, further increased from sectioned ATFL to sectioned ATFL and CFL
and decreased when the surgical reconstructions were performed.  The translations at
the subtalar joint were within the error of 3DVIEWNIX.  Even though the
aforementioned trends were present, there were no significant differences from
condition to condition.
4.3.9 Euler Angles does not Detect Instability
The Euler angles calculated for the motion of the ankle joint showed (Table
A2.9) significance in the rotation about the z-axis (i.e., the intermalleolar axis) from
the sectioned ATFL and CFL to 1) the Brostrom procedure (p=.0008) and 2) the
Chrisman-Snook procedure (p=.0033) when a 3.4 Nm inversion moment was applied.
The Euler angles calculated for the subtalar joint showed no significance from
condition to condition and no trends were apparent in the data (Table A2.10).  The
Euler angles for the ankle joint complex showed no significant difference from
position to position (Table A2.11).
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CHAPTER 5: DISCUSSION
The 3D sMRI technique was developed to study the load-displacement
characteristics of the ankle and subtalar joint in vivo and in vitro because it eliminates
may of the limitations of previous techniques.  The limitations of previous in vivo
research techniques include soft tissue interference [46, 66, 80] and the motion of the
ankle and subtalar joint cannot be studied.   In other studies, kinematics without load
are studied, but cannot be used to detect instability [53-57, 89] and one method uses an
invasive procedure that is not suitable for routine use [53-56].  The in vitro techniques
cannot mimic physiological conditions such as partial ligament tear and the calculation
of kinematics may be affected by measurement error [10, 77, 98, 99].
In this thesis, the 3D sMRI technique was presented in detail, its reliability was
examined, the left-to-right symmetry of the morphological and architectural
parameters of the hindfoot was presented for seven healthy asymptomatic volunteers.
The kinematics of the joints were calculated using the equivalent axis method, the
joint coordinate system described by Grood and Suntay and Euler angles.  The 3D
sMRI technique was compared to rotations collected with the Optotrak kinematic
tracking system in vitro.  Finally, the 3D sMRI was evaluated for use as a tool to
detect the effect of injury to the ATFL alone or in combination with the CFL and the
effects of both the Brostrom and Chrisman-Snook surgical procedures.
5.1 Limitations and Assumptions
The design of the ankle-loading device was limited by the bore size of the MR
scanner. This limited the alignment of the leg.  The original ankle flexibility tester [80]
had a precise method used to align the leg to ensure that the leg was perpendicular to
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the footplate and that in the neutral position, the 
† 
ˆ e1,  ˆ e2,  and ˆ e3  axes were perpendicular
in the neutral position.  This procedure ensured that inversion and anterior drawer
were applied to the hindfoot.  Using the MR compatible ankle-loading device, this
procedure was subjective, which may have led to only a component of anterior drawer
or inversion forces to be applied to the hindfoot.  In addition to the six degrees-of-
freedom previously described, the original ankle flexibility tester had an additional
degree-of-freedom, used to align the axis of medial-lateral shift with the intermalleolar
axis.  This degree-of-freedom was not possible on the MR compatible ankle-loading
devices because of space limitations.
The loading procedure and the magnitude of the load were limited in the MR
compatible ankle-loading device.   In the original AFT, the loads were applied
continuously throughout the entire range of motion of the joint as limited by the
comfort level of the patient.  Because the testing procedure was time consuming (i.e.,
the alignment procedure in vivo was time consuming, the scan time was 3 minutes and
nine seconds and the scanner table was removed from the room with the scanner to
apply loads) and dynamic MRI was not available, it was only possible to apply a finite
inversion moment and anterior drawer load for each condition studied.  A finite load
of 3.4 Nm in inversion and 135 N in anterior drawer was chosen based on the pain
tolerance of a few individuals, the ability to clamp the calcaneus in place without
slipping and the range of motion limitations of the device.  When the loads were
applied in the ankle-loading device, one cycle of loading was performed for pre-
conditioning because of the time limitations.  Because there was only one cycle of
preconditioning, stress-relaxation may have affected the measurements.
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When loads were applied in the ankle-loading device, five of the six degrees-
of-freedom were locked.  For example, when inversion was applied, only the inversion
axis was not locked.  This procedure may have limited the motion of the hindfoot as
the loads were applied.
The definition of the anatomic coordinate systems used in the Grood and
Suntay joint coordinate system was based on the alignment of the leg in the ankle-
loading device and the selection of landmarks on the 3D surfaces of the bones created
using 3DVIEWNIX.  This method relied on the alignment of the second ray parallel to
a line on the footplate, which was a subjective measurement.  The selection of the
malleoli on the 3D bones created in 3DVIEWNIX was error prone because the person
locating the points was selecting a point on a three-dimensional surface displace on a
two-dimensional screen.  Additionally, the hand selection of points was subjective.
Selecting the points on the malleoli three times and taking the average as the point
defining the medial or lateral malleolus improved the confidence in this selection
procedure.  The selection of the centroid of the cross section of the tibia at the level of
its truncation from iso-shaping was approximated subjectively, adding to the
subjective nature of the definition.  This method was also sensitive to segmentation
error, especially in the fibula, where only a few slices of the MRI included the fibula,
which affected the shape of the bone.
More data must be collected to determine the level of symmetry.  There were
seven healthy, asymptomatic volunteers in this study.  Therefore, it was not possible to
determine the level of left-to-right symmetry in the 3D joint kinematics. Once the
level of symmetry is established, 3D sMRI can be tested on patients with ankle
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instability. Eight limbs were tested in the in vitro study.  This small sample size may
have caused the statistical insignificance of the changes of the Grood and Suntay
parameters in vitro when ligaments were sectioned and reconstructed.
Clinical significance was not established in this study because there were not
enough healthy, asymptomatic volunteers to determine left-to-right symmetry for
kinematics.  Using the original ankle flexibility tester, a left-to-right symmetry
threshold was determined and if that symmetry threshold was exceeded, the ankle was
unstable [46, 51].  This threshold was not established in this study, therefore, when the
in vitro data were collected, the statistical significance (i.e., if p≤.05) was used to
detect changes in stability when the ligaments were sectioned or reconstructed in vitro.
5.2 Morphological Properties
The robustness of the 3D stress MRI technique was demonstrated from the
results obtained with repeated MRI scans taken in different joint configurations. The
ICC values in the computed global bone morphological properties (volume and
principal geometric moments of inertia) were high and close to a perfect reliability
score of ICC = 1. In contrast, the lengths of the principal axes were slightly less
reliable. This is due to the fact that this parameter depends on local bone geometry
since it is based on the intersection of the principal axis with the surface of the bone.
Therefore, local variations due to factors such as segmentation may affect this
parameter more than global parameters such as volume. Notice, however, that neither
the architectural properties nor the kinematics of the bones are affected by this
morphological parameter.
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Correlation coefficients were calculate for the lengths of the principal axes and
the volume talus and calcaneus using 3DVIEWNIX [86].  The values of the
correlation coefficients for the lengths of the principal axes of the calcaneus in this
study were 0.997, 0.973 and 0.999 and in the previous study, they were 0.0758, 0.9773
and 0.9624.  For the talus, the correlation coefficients of the principal axes in this
study were 0.999, 0.777 and 0.870 and in the previous study, they were 0.9875, 0.754
and 0.9852.  The correlation coefficients of the volumes of the calcaneus and talus in
this study were 0.991 and 0.993, respectively, while they were 0.995 and 0.9856,
respectively in the previous study.  This study did not perform an extensive evaluation
of the reliability of segmentation, however, Stindel et al. performed an extensive study
and the authors concluded that the orientation of the objects in space and the inter- and
intra-operator variations do not affect these parameters significantly [86].  The
correlation coefficients calculated in this study and the study by Stindel et al. are
comparable, therefore, it was concluded that segmentation is reliable.
The results indicate that variations in the morphological properties of the
hindfoot among healthy individuals are large (notice the large standard deviations in
the morphological and architectural properties reported in Table 4.1). This can be
attributed to the natural variations in shape and size between healthy individuals.
In contrast to the large variations in the actual values, the left-to-right
variations in morphological properties of the hindfoot were small (< 5%). These levels
of left-to-right variations establish a set of healthy threshold values which may be used
in future studies to evaluate and quantify structural foot and ankle deformities such as
equinus or club foot deformity.
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5.3 Architectural Properties
Previous studies have not examined the left-to-right symmetry or the changes in
architectural parameters under load when ligaments are damaged.  Previous studies
used the architectural parameters to describe the change in the relationship of the
bones when the foot is deformed [25, 85].
The effect of load, either inversion or anterior drawer, on the architectural
properties of the hindfoot were small and did not exceed 6% of any parameter.
Likewise, small left-to-right variations in the effect of load on the architectural
properties were observed (<6%). Again, this high level of symmetry in the response of
the hindfoot to load can be exploited in order to establish diagnostic thresholds for
pathological conditions such as chronic ankle instability. Such thresholds were being
used in the past and are being currently in clinical use in diagnostic procedures such as
stress radiography. However, these thresholds are controversial and unreliable [45, 59,
103].
There were significant changes in the description of the triangle created by the
distances and angles between the centroids of the tibia, talus and calcaneus in both
inversion and anterior drawer between intact ligaments and sectioned ATFL and CFL.
There were significant change in distance between the centroids of and the angles
between the major axes of the calcaneus and talus shows that there is some change in
the relationship between the calcaneus and the talus, which may indicate subtalar joint
instability.  The significant changes in all three angles between the centroids of the
calcaneus, talus and tibia may also indicate instability at the ankle and subtalar joint.
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A significant change from the sectioned ATFL and CFL and the Brostrom
procedure was seen in the distance between the centroids of the talus and tibia, the
angle between the angles between the major axes of the calcaneus and the tibia and the
angles between the centroids of the talus, calcaneus and tibia.  Only the angles
between the Ca-Ta-Ti were significantly changed from the intact condition to both
ligaments sectioned.  Therefore, the significant changes from cut ligaments to the
Brostrom procedure in the distance between the centroids of the talus and tibia and the
angle between the major axes of the calcaneus and tibia may indicate that the
Brostrom procedure is not returning the bones to their original configuration.
When anterior drawer was applied the angles Ca-Ta-Ti and Ta-Ca-Ti had
significant changes from the sectioned ATFL to the sectioned ATFL and CFL.  These
data would not be helpful in detecting damage of the ATFL alone in vivo.
The architectural parameters may be a useful parameter to detect ligament
damage.  However, these parameters will not give a comprehensive idea of how the
ligament injury affects the motion of the ankle and subtalar joints because it is based
only on distances and angles.
5.4 Kinematics
Previous studies were able to detect instability at the hindfoot caused by ligament
damage in vivo [46, 51], however, they were unable to detect the effect of the
ligament damage to the motion of the ankle and subtalar joint.  In this study, the
contribution of the ankle and subtalar joint to the motion of the hindfoot was studied in
vivo and in vitro.
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Coordinate system independent and coordinate system dependent motion
descriptions were used.  The equivalent axis rotation method determines the net
rotation independently of the definition of the coordinate system.  The Grood and
Suntay joint coordinate system defines the six degree-of-freedom motion in clinically
relevant terms for the ankle, subtalar joint and the ankle joint complex.  These
displacements are dependent on the definition of the coordinate system.  The Euler
angles are also dependent on the inertial coordinate system.  Both the coordinate
independent and coordinate system dependent methods show that motion occurs at the
ankle and subtalar joint when inversion and anterior drawer loads are applied and
coupled motions occur in loading.  When inversion is applied, centroidal
displacements are measured and when anterior drawer is applied, a net rotation is also
observed.  When the Grood and Suntay joint coordinate system is used, the coupled
motions are described as components of rotations and translations.  Therefore, the
amount of plantarflexion/dorsiflexion, internal/external rotation, inversion/eversion,
medial/lateral shift, compression/distraction and anterior/posterior drawer are
measured in response to inversion and anterior drawer loading. Finally, Euler angles
show coupled rotations.  This observation is interesting because most in vivo
measurements of ankle motion only consider the motion of the ankle joint complex.
Many of these existing techniques are used to detect injuries and without knowing the
motion of the ankle and subtalar joints, the nature of the injury may not be fully
understood or in extreme cases, it may not be detected.
These findings suggest that traditional assumptions used to evaluate joint
motion should be reconsidered.  Clinical methods used to detect ankle instability,
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study the motion of the hindfoot (e.g., in the physical examination) [4] or the ankle
joint (e.g., stress radiography) [33, 45, 103], while the data presented here show
motion at all joints.  These methods also consider the change in translation when a
force is applied and rotation when a moment is applied.  The coupled motion detected
in this study, suggest that both rotations and translations should be considered.  In gait
analysis, the motion of the tibiotalar and subtalar joints are described simultaneously
as the ankle joint complex, where plantarflexion/dorsiflexion is assumed to occur at
the ankle, inversion/eversion is assumed to occur at the subtalar joint and
internal/external rotation is assumed to be the motion between the tibia and calcaneus
[100].  Both the Euler angles and the Grood and Suntay parameters show that there is
coupled motion at the ankle and subtalar joints and the aforementioned assumption is
not valid.
The in vitro displacements were generally larger than the in vivo displacements
when inversion was applied.  Additionally, the net displacement of the hindfoot
calculated as the rotation about an equivalent axis and the magnitude of the centroidal
translation is larger than the amount of inversion and anterior drawer, respectively.
The ankle-loading device was most prone to slippage when inversion was applied and
the larger in vitro data suggests that in vivo slippage may have occurred.  In addition to
the slippage, in vivo data was also subjected to muscle tone, which may also have
contributed to the smaller bone motion observed in vivo.
5.4.1 Qualitative Review of in vitro Kinematics
The qualitative review of the kinematics showed a large gap between the tibia
and talus when inversion was applied (Figure 4.1) and a decrease in that gap when
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both the Brostrom and Chrisman-Snook procedures were performed.  These data show
a clear instability at the ankle joint when both the ATFL and CFL were sectioned.  No
change was observed when anterior drawer was applied (Figure 4.2).  The qualitative
views give the observer an idea of how the joint is affected by ligament sectioning and
reconstruction, however, as described in the following sections, it does not completely
describe the behavior or the joint.
5.4.2 Motion of Ankle-Loading Device in vitro
The rotation of the ankle-loading device was able to detect significant changes
under a 3.4 Nm inversion moment from intact to the ATFL sectioned, the ATFL and
CFL sectioned and from both ligaments sectioned to the Brostrom and Chrisman-
Snook procedures.  This data was similar to data found in other studies [35, 46].  No
significant changes were measured in the displacement under a 135 N anterior drawer
force.  These results were surprising because they are contradicted by in vivo [46] and
in vitro [19, 30, 35-37, 41] studies.  It is possible that the ankles were not properly
aligned in the ankle-loading device, which may have led to only a small component of
the applied force being an anterior drawer force.
5.4.3 Helical Axis Rotation and Centroidal Translation
This coordinate system independent method of describing 3D joint motion
successfully measures the joint motion as a net rotation about an equivalent axis and
the centroidal translations.  The coordinate system independent method reduces error
because it is not based on the approximation of an anatomic coordinate system.  This
method, however, is not able to describe joint motion in clinically relevant terms,
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which prevents us from understanding exactly how injury and reconstructions affect
the joint.
The 3D sMRI technique was able to detect instability at the ankle and subtalar
joints under load.  When an inversion moment was applied, instability was found at
the ankle joint and ankle joint complex in rotation, which is supported by the
qualitative data and the displacement of the ankle-loading device.  No significant
changes were found at the subtalar joint in rotation or translation.  When anterior
drawer was applied, the rotation of the subtalar joint showed significant changes from
intact to sectioned ATFL and CFL and from both ligaments sectioned to both surgical
reconstructions.  Traditional methods for detecting subtalar joint instability involve
applying inversion to the ankle and taking a stress radiograph [21, 23, 32, 52].  This
detection of subtalar joint instability in rotation when a force is applied may be the
cause of the difficulty in detecting subtalar joint instability [34].
The magnitude of the centroidal translation did not have any significant
changes when anterior drawer was applied, however, the data did show a large
increase in translation between the intact ligaments and the sectioned ATFL.  No
further increase was observed when the CFL was sectioned.  This large increase as
associated with a large increase in translation at the ankle joint, but there was virtually
no motion at the subtalar joint.  These changes may not have been significant because
of the small number of limbs tested.  Both surgical procedures were able to restore the
motion of the hindfoot to values close to the intact values.
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5.4.4 Grood and Suntay Joint Coordinate System
Using the 3D sMRI technique, the Grood and Suntay JCS is capable of
describing the six degree-of-freedom motion of the ankle and subtalar joints as well as
the ankle joint complex in clinically relevant terms (i.e., the rotations are described as
plantar/dorsiflexion, inversion/eversion and internal/external rotation and the
translations are described as medial/lateral shift, anterior/posterior drawer and
compression/distraction).  Previous in vivo techniques could only describe this motion
at the ankle joint complex [46, 51].  Using this description of joint motion, the
clinician will have the most comprehensive idea of how the joints function. However,
these motion descriptions are dependent on the definition of the anatomic coordinate
system, which are prone to error using this technique.  The most error prone portion of
this joint coordinate system is aligning the second ray with the oil filled cylinders
placed in the footplate to define the x-axes of the talus and calcaneus in the neutral
position.  Additional errors may occur in the segmentation of the cylinders, the fit of
the cylinder to the segmented oil well and the calculation of the end points of the
cylinders.
In the in vitro study, significant changes were not observed when the ligaments
were sectioned or reconstructed.  The small number of limbs tested most likely causes
the lack of significance in these data.  Previous in vitro data show an increase in the
anterior drawer translation under an anterior drawer load when the ATFL is sectioned
and an increase in inversion rotation under an inversion load when both the ATFL and
CFL are sectioned [35, 46].  An increase in anterior drawer translation in response to
an anterior drawer load was observed between the intact ligaments and the sectioned
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ATFL at the ankle.  Increased inversion rotation from intact to sectioned ATFL and
CFL were seen at the ankle, subtalar joint and at the ankle joint complex, as expected.
The Brostrom and Chrisman-Snook procedures reduce the amount of
displacement under the applied inversion and anterior drawer loads at the ankle and
ankle joint complex.  Under an anterior drawer load, the Brostrom procedure restores
the anterior drawer displacement to values close to intact at the ankle and ankle joint
complex.  The effect of the Chrisman-Snook procedure is much smaller than the effect
of the Brostrom procedure on this translation.  This may be explained by the fact that
the Brostrom procedure repairs the soft tissue support structures between the talus and
the fibula, thus correcting the instability from the source of the instability.  On the
other hand, the Chrisman-Snook procedure restores support between the fibula and
one attachment on calcaneus (i.e., to restore the CFL) and between the fibula and the
point of insertion of the peroneus brevis tendon, which attached to the base of the fifth
metatarsal.  The Chrisman-Snook procedure is not able to restore stability to the talus
because it leave the talus “floating” between the tibia/fibula and the calcaneus, without
its lateral support.  An extensive in vivo study comparing these two techniques is
needed to prove this hypothesis.
5.4.5 Euler Angles
The Euler angles are calculated based on an orthogonal coordinate system,
unlike the Grood and Suntay JCS, which eliminates the possibility of calculating
singularities [104].  However, using the Euler angles, makes it difficult to describe
clinically relevant motions at the subtalar joint because the rotations occur about the
inertial frame of the talus as assigned by 3DVIEWNIX. Even though it is difficult to
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approximate the clinically relevant motion at the subtalar joint, the error is smaller
using this method because the oil filled cylinders on the foot plate are not used in the
definition of the coordinate system.
The Euler angles break the rotation of the joint into components of rotation
about the z-, y'- and x''-axes of the joint.  These values can be useful in understanding
joint motion [104], however in the samples tested, these angles were not able to detect
significant changes in the motion of the joints when the ligaments were sectioned and
the were no consistent trends observed.  Euler angles may be a useful tool to describe
joint motion in some studies because it is based on an orthogonal coordinate system
[104], however, it is not a useful tool in the application of the 3D sMRI technique to
detect the effect of ligament sectioning and reconstruction in vitro.
5.4.6 Internal vs. External Kinematics
When the external motion of the ankle-loading device was compared to the
equivalent axis rotations and Grood and Suntay inversion when inversion was applied
and the centroidal translation and Grood and Suntay anterior drawer when anterior
drawer was applied, the motion of the ankle-loading device significantly larger than
the motion of the bones.  These larger values, suggest that soft tissue interference and
slippage affects the measurement of the true joint kinematics.  This has previously
been shown in studies of locomotion, where the motion measured from bone pins was
compared to that of motion measured by markers placed on the skin [66].
5.5 Comparison 3D sMRI and Optoelectric Tracking
A commonly used technique to measure bone kinematics in vitro involves
attaching rigid bodies to the bones and tracking the motion of these bones.  The helical
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axis rotations from the aforementioned technique were compared to the three-
dimensional stress MRI technique.  The measurements obtained from the traditional in
vitro technique are not affected by soft tissue interference or slippage, like the 3D
stress MRI technique.  However, this traditional in vitro testing procedure tracks the
motion of four points attached to rigid bodies affixed to each bone, while the 3D stress
MRI technique uses a more global approach, considering all of the points on the
surface of each bone to calculate motion.
The calculation of the helical axis rotations using a finite number of markers
rigidly attached to the bone is also prone to measurement error [98, 99], which
increases with fewer numbers of markers.  The rigid body attached to the calcaneus,
frequently had one of the four markers out of the field of view of the Optotrak, which
is why the average percent difference from the hindfoot and subtalar joint was
approximately forty percent, while it was less than twenty-five percent at the ankle
joint.  This error could be eliminated in future studies by optimizing the calculation of
the equivalent axis rotation using the Optotrak [10, 77].
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CHAPTER 6: CONCLUSIONS
In the present study, a new technique to investigate the mechanical properties
of the ankle and subtalar joints, in vivo and in vitro, was presented. The technique,
referred to as 3D stress MRI, is based on imaging the joints in various loaded
configurations. The technique provides new opportunities to study non-invasively and
without the harmful effect of x-ray radiation the biomechanics of human joint. Some
of the unique features of this technique are: 1. Complete elimination of the effects of
soft tissue interference – Since the bones are directly visualized, the problem of soft
tissue interference, a key obstacle in many studies of joint mechanics and joint
kinematics, is completely eliminated.  2. Full accessibility – any joint can be studied.
This is in contrast to many previous studies, which rely on skin markers, which allow
the study of only superficially accessible joints. Consequently, unlike many previous
studies, the mechanics of joints such as the subtalar joint and the talocrural joint can
be studied in vivo.  3. Robustness – the technique is based on computation of a set of
geometric features (such as centroid location and orientation of principal axes), which
are the result of integration of data from thousands of points on the surface of the
bones. Therefore, individual local errors are less likely to affect the final results unlike
techniques that are based on observation of the motion of a few markers. 4. The 3D
stress MRI technique provides a unique opportunity to visualize the morphology,
architecture and the kinematics of the bones in three dimensions and to correlate the
mechanical response of the joint to the direct visualization of the integrity of the
underlying anatomical structures.   This provides unique opportunities to develop
sensitive diagnostic procedures based on 3D stress MRI. For example, in patients with
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chronic ankle instability the diagnosis can provide a measure of mechanical instability
and correlate these measurements with the observed appearance of the underlying
lateral collateral ligaments. 
The 3D sMRI technique explores several methods of describing the
relationship between the bones in the hindfoot.  The static relationship is described
through architectural parameters, which reflect changes in their relationships when
ligament injury was simulated in vitro.  The quasi-static relationship of the bones is
described by describing the motions through coordinate system independent
displacements and coordinate system dependent displacements.  The coordinate
system independent motion description describes the net rotation and translation and is
able to detect the effect of ligament damage and surgical reconstruction with statistical
significance.  This method, however, is not capable of describing the motions between
the bones in a clinically meaningful manner.  One coordinate system dependent
description of motion, the Grood and Suntay JCS, is capable of describing motions in
a clinically relevant manner.  The Grood and Suntay JCS, however, is not able to
detect the effect of ligament injury and surgical reconstruction with statistical
significance.  The Grood and Suntay JCS has two limitations in this technique: 1)
there was only data collected from eight cadaveric specimens and 2) the anatomic
coordinate systems were subjectively chosen, which introduces errors.  Specifically,
the anatomic coordinate systems were dependent on proper alignment of the foot on
the footplate and consistent selection of the medial malleolus, lateral malleolus and
centroid of the cross section of the tibia.
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The 3D sMRI technique identifies some areas for future study both in vivo and
in vitro.  The variation of left to right architectural and kinematic parameters in
healthy, asymptomatic volunteers should be determined.  Knowing this variation, will
allow for the development of a diagnostic technique based on the comparison of the
injured limb to the healthy, asymptomatic limb.  The alignment of the ankle in the
ankle-loading device was subjective.  The alignment procedure should be standardized
as much as possible in order to reduce measurement error and errors obtained in when
defining the anatomic coordinate systems.  Finally, The comparison of the Brostrom
and Chrisman-Snook surgical reconstructions identifies a difference in the motion of
the ankle joint in anterior drawer.  This leads to the hypothesis that the Brostrom
provides more stabilization at the ankle joint than the Chrisman-Snook procedure.
This hypothesis is based on the believe that the Brostrom procedure retains the talar
stability, while the Chrisman-Snook procedure does not restore the lateral support of
the ankle joint, it only restores the lateral stability of the hindfoot.
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APPENDIX 1: ARCHITECTURAL PARAMETERS in vitro
Table A1.1: Average and standard deviation of the architectural parameters of the
cadaveric specimens with the ligaments intact, the ATFL cut, the ATFL and CFL cut,
the Brostrom procedure (BR) and the Chrisman-Snook (CS) procedure in the neutral
position.
Intact Cut ATFL Cut CFL BR CS
Distance Between Centroids/Shape Centers
Ca-Ta 36.39±2.03 36.58±2.13 36.63±2.24 36.81±1.90 37.07±1.94
Ca-Ti 66.63±1.88 67.02±2.33 66.84±2.33 66.43±2.75 66.00±4.00
Ta-Ti 35.83±2.10 36.24±2.44 36.15±2.94 35.80±1.97 35.66±
Angle Between Major Axes
Ca-Ta 59.75±53.05 87.99±61.36 88.45±61.35 87.24±60.27 69.84±57.27
Ca-Ti 80.19±19.28 79.64±19.50 80.26±18.92 75.24±16.98 76.59±15.27
Ta-Ti 86.21±20.29 85.32±19.43 85.09±20.34 87.24±23.85 86.81±23.44
Angle Between Centroids/Shape Centers
Ca-Ta-Ti 121.34±39.72 121.25±39.00 120.68±39.42 114.21±44.59 112.30±43.07
Ta-Ti-Ca 22.14±3.31 22.38±3.15 22.47±3.76 23.41±3.98 24.69±3.80
Ti-Ca-Ta 22.22±3.23 22.62±3.23 22.70±4.17 23.26±3.23 24.24±2.70
Table A1.2: Average and standard deviations of the percent change in the architectural
parameters from neutral to inversion with the ligaments intact, ATFL sectioned, ATFL
and CFL sectioned, Brostrom procedure and Chrisman-Snook procedure.
Intact Cut ATFL Cut CFL BR CS
Distance Between Centroids/Shape Centers
Ca-Ta 0.82±0.66 1.00±0.56 2.98±1.66 1.61±1.05 0.97±0.85
Ca-Ti 0.86±0.79 0.81±0.80 2.06±1.43 1.33±1.28 2.42±4.14
Ta-Ti 3.08±2.59 3.62±2.82 7.51±5.22 1.95±1.36 4.14±3.09
Angle Between Major Axes
Ca-Ta 9.70±3.44 4.23±3.31 2.69±3.11 4.93±4.51 2.00±1.74
Ca-Ti 5.61±3.48 6.84±5.33 9.64±6.66 5.10±4.34 4.23±1.98
Ta-Ti 1.79±1.66 2.57±2.69 4.35±2.81 3.13±2.66 2.89±2.66
Angle Between Centroids/Shape Centers
Ca-Ta-Ti 2.20±1.89 3.32±2.95 5.90±3.42 1.88±1.38 3.86±3.64
Ta-Ti-Ca 5.18±4.55 8.36±8.97 15.46±11.23 4.63±3.98 8.60±9.52
Ti-Ca-Ta 7.82±6.87 12.24±12.93 22.02±16.01 5.80±4.42 10.12±4.40
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Table A1.3: Average and standard deviations of percent change in architectural
parameters from neutral to anterior drawer with the ligaments intact, ATFL sectioned,
ATFL and CFL sectioned, Brostrom procedure and Chrisman-Snook procedure.
Intact Cut ATFL Cut CFL BR CS
Distance Between Centroids/Shape Centers
Ca-Ta 0.68±0.42 0.95±1.23 0.83±0.56 0.74±0.70 1.31±1.37
Ca-Ti 1.56±1.00 1.23±0.74 2.05±1.18 0.74±0.38 1.23±1.02
Ta-Ti 2.60±2.03 3.92±3.03 7.85±4.91 3.77±1.95 2.96±2.83
Angle Between Major Axes
Ca-Ta 3.03±3.03 1.90±2.80 2.74±3.63 1.25±1.05 2.41±1.58
Ca-Ti 4.81±2.49 4.32±2.13 3.61±2.82 3.94±3.21 6.29±4.28
Ta-Ti 3.71±2.19 4.16±1.53 3.56±1.65 3.78±2.40 4.67±2.65
Angle Between Centroids/Shape Centers
Ca-Ta-Ti 1.59±1.08 1.68±1.97 3.95±2.92 2.55±0.76 2.07±1.82
Ta-Ti-Ca 5.50±3.97 4.28±4.54 8.72±8.84 4.91±2.70 3.90±3.06
Ti-Ca-Ta 5.26±5.07 6.35±9.70 15.91±15.35 7.88±2.86 5.49±4.57
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 APPENDIX 2: IN VITRO KINEMATICS
Table A2.1: Average ± standard deviation of the centroidal translation (mm) when a
3.4 Nm inversion moment was applied with the ligaments intact, with the ATFL
sectioned, with the ATFL and CFL sectioned, the Brostrom Procedure and the
Chrisman-Snook procedure.
Joint Intact Cut ATFL Cut CFL BR CS
Ankle 3.38±1.47 3.92±2.21 4.47±1.69 1.95±1.40 4.52±4.87
Complex 7.26±4.08 8.67±4.81 12.53±4.86 7.91±4.65 9.45±7.01
STJ 2.22±1.11 1.65±0.83 3.48±2.10 3.16±1.46 1.66±0.58
Table A2.2: Average and standard deviation of centroidal translation (mm) when a
135 N anterior drawer force was applied with the ligaments intact, the ATFL
sectioned, the ATFL and CFL sectioned, the Brostrom Procedure and the Chrisman-
Snook Procedure.
Joint Intact Cut ATFL Cut CFL BR CS
Ankle 3.49±6.39 6.39±4.77 7.11±2.56 3.73±1.44 4.86±2.15
Complex 7.34±4.46 10.61±6.79 9.82±3.13 6.42±2.11 8.23±3.02
STJ 1.32±1.01 1.14±0.70 1.78±2.28 1.03±0.66 1.21±0.62
Table A2.3: Average and standard deviations of the values of the Grood and Suntay
rotations at the ankle joint in with the ligaments intact, cut ATFL, cut ATFL and CFL,
Brostrom Procedure and Chrisman-Snook Procedure
a (pf-df)
Load Intact Cut ATFL Cut CFL BR CS
Inversion -0.8±5.2 -0.2±4.7 -3.1±6.3 2.1±2.8 1.1±1.3
Anterior Drawer -1.0±6.3 -0.7±3.5 -1.2±3.8 1.3±4.0 6.7±3.0
b (in/ext rot)
Load Intact Cut ATFL Cut CFL BR CS
Anterior Drawer -2.0±7.5 -1.0±4.9 -5.2±6.1 -1.2±7.2 0.7±5.3
g (in/ev)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 4.6±10.4 4.0±8.3 10.5±6.2 3.1±6.7 5.5±3.4
Anterior Drawer 1.9±7.3 1.6±7.5 5.8±4.0 1.5±3.4 6.0±5.8
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Table A2.4: Average and standard deviations of the values of the Grood and Suntay
translations at the ankle joint in with the ligaments intact, cut ATFL, cut ATFL and
CFL, Brostrom procedure and Chrisman-Snook procedure.
q1(med/lat)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 1.0±3.0 -0.2±2.2 0.3±2.1 1.2±1.5 2.0±1.9
Anterior Drawer 0.3±1.8 0.7±3.2 0.7±2.7 1.0±1.6 1.2±4.0
q2(comp/dist)
Load Intact Cut ATFL Cut CFL BR CS
Inversion -0.6±1.2 -0.5±0.9 -1.4±2.7 -0.4±1.1 -0.2±1.1
Anterior Drawer -0.5±1.2 -0.6±1.6 -0.1±2.3 -0.4±1.1 -1.5±2.0
q3(ant/post)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 2.2±2.1 1.5±2.5 3.6±2.4 0.8±1.6 -0.8±1.5
Anterior Drawer 1.8±3.2 3.3±3.9 6.4±3.4 2.7±2.3 3.8±3.6
Table A2.5: Average and standard deviations of the values of Grood and Suntay
rotations at the subtalar joint with ligaments intact, sectioned ATFL, sectioned ATFL
and CFL, Brostrom procedure and Chrisman-Snook procedure.
a (in/ev)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 4.0±3.9 3.9±2.8 7.9±7.8 6.0±4.5 2.9±2.4
Anterior Drawer -1.1±2.3 1.0±3.1 4.2±7.8 2.4±4.2 1.9±3.4
b (df-pf)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 1.0±2.4 0.4±2.1 1.6±2.8 0.02±2.9 1.0±1.6
Anterior Drawer 0.5±1.5 0.5±0.7 0.8±2.3 -1.1±1.4 0.6±1.1
g (in/ext rot)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 5.0±2.2 5.3±1.4 4.35±3.4 3.5±4.6 1.1±2.9
Anterior Drawer 1.1±2.2 -1.0±2.5 -2.6±5.6 0.7±2.7 1.2±1.2
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Table A2.6: Average and standard deviation of the values of Grood and Suntay
translations at the subtalar joint with the ligaments intact, sectioned ATFL, sectioned
ATFL and CFL, Brostrom procedure and Chrisman-Snook procedure.
q1(ant/post)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 1.9±1.7 0.2±2.1 0.7±1.8 0.8±1.2 2.2±2.6
Anterior Drawer 0.9±1.0 0.6±0.8 0.1±1.2 -0.1±1.1 0.6±1.5
q2(med/lat)
Load Intact Cut ATFL Cut CFL BR CS
Inversion -0.6±1.3 -0.5±1.0 -0.9±2.6 -0.7±0.8 -0.2±1.6
Anterior Drawer 0.2±0.8 0.04±1.2 -2.0±4.4 -0.2±0.8 -0.7±0.7
q3(comp/dist)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 0.9±2.8 1.5±1.3 2.7±2.8 1.0±1.7 -1.6±0.3
Anterior Drawer 0.3±0.7 0.1±0.5 -0.5±1.6 0.4±0.6 0.4±0.5
Table A2.7: Average and standard deviation of the values of Grood and Suntay
rotations at the ankle joint complex with the ligaments intact, ATFL sectioned, ATFL
and CFL sectioned, Brostrom procedure and Chrisman-Snook procedure.
a (pf-df)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 0.9±8.9 -1.6±8.9 6.8±8.9 -3.9±9.8 3.6±0.5
Anterior Drawer -1.1±2.3 1.0±3.1 4.2±7.8 2.4±4.2 1.9±3.4
b (in/ev)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 7.0±5.4 7.9±5.4 14.8±4.4 9.3±3.9 6.9±3.5
Anterior Drawer 0.5±1.5 0.5±0.7 0.8±2.3 -1.1±1.4 0.6±1.1
g (in/ext rot)
Load Intact Cut ATFL Cut CFL BR CS
Inversion -0.9±4.6 -1.8±2.3 0.6±8.2 -2.0±5.7 -3.1±3.4
Anterior Drawer 1.1±2.2 -1.0±2.5 -2.6±5.6 0.7±2.7 1.2±1.2
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Table A2.8: Average and standard deviation of the values of Grood and Suntay
translations at the ankle joint complex with ligaments intact, ATFL sectioned, ATFL
and CFL sectioned, Brostrom procedure and Chrisman-Snook procedure.
q1(med/lat)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 1.0±3.6 0.7±2.7 1.3±3.2 1.5±2.2 2.0±2.2
Anterior Drawer 0.2±2.3 0.6±3.6 1.8±4.7 1.7±2.2 1.7±4.2
q2(ant/post)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 3.1±2.4 3.5±2.4 5.2±4.0 2.1±1.8 2.3±0.9
Anterior Drawer 2.9±3.8 3.8±2.8 4.9±4.7 3.3±1.9 3.2±3.7
q3(comp/dist)
Load Intact Cut ATFL Cut CFL BR CS
Inversion 0.5±2.1 0.9±1.9 0.3±5.1 1.3±2.1 0.1±1.7
Anterior Drawer 0.9±1.5 0.1±1.8 -0.6±3.2 0.7±0.9 -1.0±2.4
Table A2.9: Average and standard deviation of the Euler angles calculated at the ankle
joint.
Y (rotation about z-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion 0.70±2.52 1.46±3.07 3.33±5.95 -1.46±4.19 -2.12±2.59
Anterior Drawer -3.49±2.82 -3.64±1.11 -2.45±3.10 -1.59±6.17 -3.74±5.71
Q (rotation about y’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -2.30±3.25 -4.30±2.65 2.46±5.69 -0.63±5.34 -3.08±2.92
Anterior Drawer 2.01±7.45 1.87±4.23 4.55±7.00 0.31±4.83 0.16±5.11
F (rotation about x’’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion 7.13±3.71 8.17±5.15 6.91±16.56 5.22±8.35 6.13±5.49
Anterior Drawer 1.03±6.28 5.58±5.79 3.42±5.44 2.05±4.70 5.23±4.22
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Table A2.10: Average and standard deviation of the Euler angles calculated at the
subtalar joint.
Y (rotation about z-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -4.66±1.97 -5.26±2.71 0.42±2.89 -1.29±3.31 -0.59±3.62
Anterior Drawer -0.14±1.52 0.52±1.94 1.88±2.68 -0.12±1.93 -2.20±4.92
Q (rotation about y’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -0.94±1.63 -1.19±1.26 -0.76±1.76 -1.49±1.47 -0.42±1.28
Anterior Drawer 0.12±1.04 0.65±0.95 0.06±1.77 -0.09±0.90 -0.03±1.46
F (rotation about x’’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion 2.93±5.47 1.08±5.04 2.41±7.39 2.26±8.02 3.10±2.43
Anterior Drawer -0.64±3.29 -1.27±3.10 -1.03±9.92 -1.94±2.95 -1.81±3.39
Table A2.11: Average and standard deviation of the Euler angles calculated at the
ankle joint complex.
Y (rotation about z-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -3.31±4.12 -6.72±3.37 -2.70±11.14 -1.99±6.38 -1.08±2.18
Anterior
Drawer 4.34±2.68 3.28±1.43 3.80±3.48 1.08±5.44 2.08±6.59
Q (rotation about y’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -0.96±2.75 -3.88±3.31 -0.75±10.40 -2.16±7.99 -5.15±2.45
Anterior
Drawer 1.22±7.87 -1.47±3.72 1.75±4.85 -0.64±6.41 -0.22±2.92
F (rotation about x’’-axis)
Intact Cut ATFL Cut CFL BR CS
Inversion -8.11±6.49 -7.34±5.41 -11.63±11.05 -6.10±7.94 -6.04±5.00
Anterior
Drawer -2.66±4.04 -4.23±4.15 -2.41±6.09 0.27±4.48 -3.34±4.62
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